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The  effect  of  relativistic  runaway  electron  avalanches  on  x-ray  modulation 
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1.  Introduction 

McCarthy  and  Parks  have  reported  results  of  flight 
measurements  of  x-rays  carried  out  inside  a  space 
domain  of  a  thunderstorm  electric  field  [1].  They  have 
detected  up  to  1000  fold  enhancement  of  x-ray  flux 
over  the  background  value  when  their  plane  entered 
thunderstorm  cloud.  The  measurements  were  arranged 
so  as  to  eliminate  any  possible  effect  of 
electromagnetic  disturbance  caused  by  thunderstorm 
electromagnetic  activity,  on  a  detector  used. 
Production  of  the  enhanced  flux  terminated  coincident 
with  a  lightning  discharge.  To  treat  the  origin  of  this 
phenomenon  the  authors  have  attracted  an  idea  that 
large-scale  thunderstorm  electric  field  increased  the 
range  of  high-energy  electrons  of  the  megaelectronvolt 
domain  and  thus  increased  the  production  of 
bremsstruhlung  [2].  These  electrons  are  permanently 
generated  by  cosmic  ray  showers  and  by  the  decay  of 
airborne  radionuclids.  Lightning  discharges  terminated 
the  acceleration  of  electrons  due  to  thundercloud 
voltage  collapse.  McCarthy  and  Parks  have  carried  out 
calculations  results  of  which  occurred  8  times  lower 
the  observed  enhancement.  Some  additional  reasons 
attracted  by  the  authors  to  reduce  the  discrepancy,  were 
not  successful.  In  the  present  communication  an 
attempt  is  undertaken  to  resolve  the  divergence.  The 
adequate  calculations  were  based  on  the  hypothesis  of 
relativistic  runaway  electron  avalanching  process  in  a 
rather  weak  (in  comparison  with  the  conventional 
laboratory  self-breakdown  value)  thunderstorm  electric 
field.  The  hypothesis  was  proposed  and  substantiated 
by  Gurevich,  Roussel-Dupre,  Milikh,  and  Tunnel  [3, 
4].  The  intensity  of  the  electric  force  eE  to  be  over  the 
relativistic  minimum  of  electron  energy  losses  per  unit 
path  Lmin  was  proposed  as  a  criterion  sufficient  for  the 
relativistic  avalanche  to  develop.  The  minimum  is  in 
the  vicinity  of  electron  energy  £•»  1  MeV.  A  dimension 
of  a  space  domain  where  the  above  criterion  is  to  be 
met,  should  be  very  much  longer  than  the  characteristic 
length  necessary  for  relativistic  electron  number 
increase  due  to  ionizing  collisions  of  runaway  electrons 
with  air  molecules.  The  last  demand  is  analogous  to  the 
conventional  avalanche  of  low  energy  electrons. 
Exactly  the  enhancement  of  the  penetrating  radiation 
inside  thunderclouds  observed  by  McCarthy  and  Parks, 
was  an  experimental  basis  of  this  promising  hypothesis 


able  to  push  forward  the  physics  of  electric  phenomena 
related  to  thunderstorm  activity. 

2.  Model 

The  simplest  model  of  thundercloud  electric  field  was 
used  in  our  calculations.  The  negative  charge  q  =  30 
coulombs  of  the  lower  part  of  the  cloud  was  supposed 
to  be  homogeneously  distributed  within  a  sphere  with  a 
radius  1  km  at  the  height  5  km.  The  enhancement  of  x- 
rays  relative  to  the  background  was  factorized  as  A:  = 
K1XK2.  Here  Ki  =  Lj/Ai  is  the  enhancement  coefficient 
due  to  the  increase  of  high-energy  electron  range 
considered  by  McCarthy  and  Parks,  whereas  by  means 
of  K2  =  exp(L2/Xe)  the  avalanching  of  these  electrons 
was  taken  into  account,  with  Xq  being  a  distance 
necessary  for  e  -  fold  relativistic  avalanche 
enhancement.  The  range  of  high-energy  electrons  in 
the  atmosphere  without  electric  field  is  designated  as 
Xi,  and  Li  is  a  dimension  of  the  space  domain  adjacent 
to  the  sphere  with  the  field  intensity  E  >  Lmin/e,  where 
J->mm  =  I  keV/cm  is  the  relativistic  minimum  of  electron 
energy  losses  per  unit  path  at  the  height  5  km  [2,  3]. 
Under  the  conditions  chosen  (pressure  0.5  atm  and 
electron  energy  £  =  I  -  2  MeV),  we  estimated  values  Lj 
=  650  m  and  Xi  s  10  m  to  obtain  Kj  ^  65.  To 
characterize  the  intensity  of  the  external  electric  field 
an  “overvoltage”  S  =  eE/Lmin  over  the  minimum  Lmi„  « 
1  keV/cm  is  convenient  to  be  introduced  [4].  The 
avalanching  was  supposed  to  take  place  within  the 
space  domain  with  the  dimension  L2  =  350  m  along  the 
field  vector,  where”  d  s  [1.5.  3].  At  larger  distances 
from  the  sphere  the  avalanching  rate  is  too  low  due  to 
small  values  of  the  “overvoltage”  5  realized  there.  To 
simplify  calculations  a  homogeneous  electric  field  with 
an  average  <S>  =  2  was  adopted  throughout  the 
avalanching  space  domain  L2. 

3.  Calculations  and  Results 

For  the  purpose  of  the  present  study  it  was  impossible 
to  use  directly  the  results  on  the  avalanche 
characteristics  calculated  by  Roussel  -  Dupre  et.  al.  [4], 
because  the  large-angle  scattering  of  electrons  was 
discounted.  We  incorporated  the  elastic  scattering  in  a 
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Monte  -  Carlo  code  to  investigate  its  effect  on  the 
production  of  secondary  runaway  electrons.  Only 
elastic  collisions  of  electrons  were  followed  up 
stochastically.  Rutherford  elastic  scattering  cross 
section  with  Molier  shielding  parameter  [5]  was 
adopted.  Along  the  path  between  neighbor  elastic 
collisions  electrons  were  assumed  to  move  under  the 
joint  action  of  accelerating  electric  -eE  force  and 
decelerating  friction  force  -F(e)xp/p,  where  the 
elementary  electric  charge  e  >  0,  p  is  the  electron 
momentum  and  F(£)=L(£)  was  calculated  from  Bethe 
formula  [6]  available  as  well  at  [4].  By  means  of  the 
friction  force  total  average  energy  losses  of  electrons 
due  to  inelastic  interactions  with  atomic  particles  of  a 
background  gas  were  taken  into  account.  The  runaway 
energy  threshold  £min  =  600  keV  calculated  for  the 
‘overvoltage”  S=  2,  appeared  to  be  a  few  times  above 
the  value  obtained  by  Roussel  -  Dupre  et.  al.  [4].  We 
used  600  keV  Bs  dt.  lower  limit  to  integrate  Molier 
differential  ionization  cross  section  oa,y  [7]  used  also 
by  Roussel  -  Dupre  et.  al.  [4],  and  to  calculate  the  total 
ionization  cross  section  oy  for  the  production  of 
secondary  runaway  electrons 


5.  References 

[1]  M.P.  McCarthy,  G.K.  Parks:  Geophys.  Res.  Lett., 
12(1985)  393. 

[2]  M.P.  McCarthy,  G.K.  Parks:  J.  Geophys.  Res.,  97, 
No  D5  (1992)5857. 

[3]  A.V.  Gurevich,  G.M.  Milikh,  R.A,  Roussel-Dupre: 
Phys.  Lett.  A.,  165  (1992)  463. 

[4]  R.A.  Roussel-Dupre,  A.V.  Gurevich,  T.  Tunnel, 
G.M.  Milikh:  Phys.  Rev.  E.,  49,  No  3  (1994)  2257. 

[5]  G.  Molier:  Zh.  Naturforsch.  3a,  >f92,  (1948)  48. 

[6]  H.A.  Bethe:  Ann.  Phys.,  5,  (1930)  325. 

[7]  C.  Molier:  Ann.  Physik,  14  (1932)  531. 


Eo/2 


(E,So)ds. 


It  allowed  to  evaluate  the  avalanching  length  2,^  = 
I/Nai  =  120  m,  the  enhancement  coefficient  due  to  the 
avalanching  of  relativistic  electrons  K2  =  20,  and  the 
total  enhancement  coefficient  K  =  K1XK2  s  1300.  The 
last  value  is  in  a  reasonable  agreement  with 
observations  reported  by  McCarthy  and  Parks  [1]. 

4.  Conclusion 

In  spite  of  our  calculations  are  approximate,  they  are 
very  illuminative  in  regards  to  indicate  that 
development  of  relativistic  runaway  electron 
avalanches  is  to  be  taken  into  account  to  treat  correctly 
the  observed  x-ray  modulation  within  the  space  domain 
of  thundercloud  electric  fields.  It  is  possible  to  improve 
the  accuracy  of  simulations  provided  that  an 
information  on  the  absolute  field  intensity  distribution 
would  be  available  from  observations  of  McCarthy  and 
Parks  [1].  Both  L2  and  Xq  depend  very  much  on  the 
intensity  and  spatial  extension  of  a  specific 
thunderstorm  electric  field  so  that  the  accuracy  of  the 
available  information  on  the  field  strongly  affects  the 
results  of  calculations.  The  agreement  between  the 
results  of  present  calculations  and  of  the  observations 
carried  out  by  McCarthy  and  Parks,  strongly  supports 
the  hypothesis  of  Roussel-Dupre,  Gurevich,  Tunnel, 
and  Milikh  on  the  possibility  of  relativistic  runaway 
electron  avalanches  to  develop  within  the  space 
domain  of  relatively  weak  large-scale  thunderstorm 
electric  fields  [3,  4]. 
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1.  Introduction 

The  numerous  studies  of  breakdown  stages  in  air  and 
other  dense  gases  stressed  the  direct,  power 
fiequenc^  and  impulse  high  tensions  have  resulted  in 
data  related  to  the  dielectric-conductance  transition 
intricate  ev'ents  and  a  lot  of  the  alternative  breakdown 
models  were  developed  /1-3/.  The  identification  of  the 
discharge  nucleation  and  propagation  mechanisms  for 
walanche-streamer,  streamer-leader,  return  and  final 
(inqiulse  arc)  stages  was  the  main  objective  of  the 
investigations.  However,  it  m^  be  stated  not  only 
agnificant  achievements  of  those  investigations  by 
inductive  method  commonly  used  but  the  necessity  of 
the  further  deductive  ai^roach.  The  physical  concept  of 
definite  generality  to  realize  the  electrical  breakdown 
phenomena  can  be  formulated  in  accordance  with  the 
similarity  to  detonation  and  deflagration  of  combustible 
gases  (DI>-analogy)  /2,8, 10-12/.  Such  a  concept  had 
been  ai^lied  to  the  HF  and  optical  discharges  /4/.  For 
the  first  time  the  idea  was  promoted  by  E.P.  Velikhov 
and  AM.Pykhne  as  to  Ae  impulse  arc  channel 
expansion  in  rarefied  noble  gas  151.  The  electrical 
breakdown  as  a  problem  of  reactive  tystems  theory  in 
scope  of  DD-analogy  concept  is  considered  here. 


2.  General  properties  of  ionization  waves 

The  numerical  modeling  results  of  ionizing  waves 
being  related  to  the  initial  streamer  and  final  impiiw 
arc  breakdown  stages  reveal  the  most  attributive  feature 
of  thin  boundary  ionization  zones,  fig.  1,2.  The 
experimental  data  on  the  discharge  radiation  front 
structures  and  the  calculations  reasonably  coincide  to 
each  other  16,11. 

The  identical  Arrenius  form  of  ionization  and 
combustion  rate  functions  is  sufBcient  for  the  gtatempiit 
above.  The  sharp  erqxrnential  dependence  on  the 
temperature  or  electric  field  leads  to  the  intemqrtion  of 
the  ionization  process  even  with  a  small  lowering  these 
parameters.  That  is  why  the  reaction  zone  and  products 
(deflagrated  gas  or  discharge  plasma)  temperatures  are 
practically  equal  to  each  other,  the  propagation 
mechanism  directly  determining  by  the  heat  energy 
conductance  in  similarity  to  combustion  process. 

3.  Comparison  of  reaction  properties 

The  general  properties  and  peculiarities  of  the 
exothermic  chemic^  and  breakdown  plasma  reactions 
being  tabulated  in  confrontation  allow  to  evaluate  the 
adequacy  of  DD-analogy  concept. 


Comparison  of  reactive  fronts  in  propagation 


Combustible  gas  deflagration  and  detonation 


Breakdown  plasma  propagation 


F{T)~exp{-AI  RT) 


Reaction  rate  function* 

,P)  ~  exp(-/ /  ArTe );~  exp(-/ /JtTp) 

~exp[-//(jS:/CTg«)] 


Propagation  regime 


Mechanism 

Thermal  conductance  (difiusion)  -  deflagration; 
heating  by  shock  wave  front  -  detonation; 
spontaneous  deflagration  in  divergent  temperature 
fields 


Thermal  conductance  (electronic,  radiative, 
reactive); 

heating  by  heat  wave  fix)nt; 
ionization  in  non-uniform  electric  fields 


Narrow  reaction  zone 

Threshold  character  of  exotermic  reaction  with 

chemical  energy  released 

Effect  of  particle  and  particle  energy  losses  on 

regime  limits 

Flame  front  piston  effect 


Peculiarities 

Narrow  reaction  zone 

Threshold  character  of  ionization  reaction.  Joule 

energy  dissipation  proceeding 

Effect  of  electron  and  electron  energy  losses  on 

breakdown  characteristics 

Leader  and  impulse  arc  plasma  piston  effect 
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Discrepancies 

Constant  caloricity  of  active  chemical  medium  Time  and  space  Joule  energy  function  as  a 

No  heating  in  products  of  combustion  caloricily  of  external  electric  field 

Reaction  front  causes  gas  parameter  perturbations  Residual  current  Joule  heating  follows  breakdown 

_ _ _ plasma  formation  and  propagation _ 

*  T-  temperature.  A-  activation  energy,  R-  universal  gas  constant,  E-  electric  field  for  avalanche-streamer 

formation,  Tg-  fiee  electron  temperatirre,  Tp-  radiative  heat  wave  terr^rature;  1  -  ionization  potential,  electron- 
molecule  collision  cross-section,  n-  gas  number  density 


Because  of  the  caloricity  of  external  electric  field  at 
ionization  fiont  position  is  to  be  known  for  the  solving 
of  hydrorfynamic  problem,  the  total  problem  involves 
the  electrorfynamic  problems  for  the  miihimftdia 
plasma-gas  and  plasma-plasma  propagations  and 
interactions  with  electric  field  in  self-consistent 
formitladon. 

4.  Conclusion 

In  comparison  with  combustion  processes  the 
breakdown  plasma  prqragation  is  similar  to 
deflagration  and  detonation  as  to  the  reaction  fiont 
structures  and  the  general  heat  wave  mechanism  of 
energy  trarrsfer  and  plasma  propagation.  The 
remarkable  difference  is  appeared  to  consist  of  the  heat 
transfer  function  directly  depending  on  the  local  and 
tenqroral  magnitudes  of  electric  field  entering  the 
breakdown  plasma.  Therefore,  the  breakdown  plasma 
propagation  problem  should  be  related  to  the  mechanics 
of  Ae  reactive  systems  traditionally  developed  for  the 
combustion  processes  only. 

The  work  has  been  carried  out  according  to  the  project 
"Fundamental  theory  of  electrical  discharges  in 
energetics"  of  Russian  Joint  Stock  Company  "EES 
ROSSn". 
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Fig.  1 .  Streamer  plasma  characteristics  in  air 
(results  of  quasi-twonlimensional  modeling). 


Fig.  2.  Radial  impulse  arc  characteristics  in  air- 
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1.  Introduction 

The  analogy  of  the  discharge  plasma  propagation  and 
chemical  detonation  and  deflagration  reactions  in  com¬ 
bustible  gases  (DD-analogy)  is  to  be  accepted  as  the  ge¬ 
neral  deductive  idea  in  electric  breakdown  theoiy  /1-8/. 

2.  Parameters  of  impulse  arc  plasma 

By  the  methods  of  staric  broadening  and  relative 
intensities  of  q)ectral  lines  the  space-temporal  physical 
characteristics  were  obtained  for  heavy  impulse  arc  in 
air,  fig.  1.  The  plasma  boundary  3-4  corresponds  to  the 
steep  temperature  fi’ont,  the  chaimel  expanding  by 
radiative  heat  wave  mechanism  /3-6/.  In  contrast  to 
weak  time  temperature  dependence  the  electron  number 
density  foUows  strictly  the  discharge  current  variations, 
the  data  receiving  by  means  of  stark  broadening 
parameters  of  spectral  lines  A7/  442,7,  453,0  nm  and 

//p  486,1  nm  HL  In  accordance  with  well-known 

streak-camera  resolutions  the  shock  wave  firont  1-2 
leads  plasma  chatmel  boundary,  fig.2-a.  In  plasma  4  the 
conditions  of  local  thermal  equilibrium  are  achieved,  so 
it  is  possible  to  come  to  light  for  the  pressure  p  and 
relative  air  density  S  having  the  temperature  and 
electron  mrmber  density  data  simultaneously  received. 
Adiabatic-shell  area  2-3  of  shock  wave  is  the  region  of 
thermodynamic  equilibrium  as  well,  nevertheless  the 
electron  number  density  in  profile  2-3,  fig.l,  exceeds 
significantly  the  equilibrium  magnitudes  due  to 
photoionization  by  chatmel  radiation.  Noticeable 
pressure  step  is  appeared  to  exist  within  plasma 
boundary,  the  pressure  decreasing  from  a(fiabatic 

relatively  cool  area  3  to  hot  plasma  4  / />3)(1.  Due 

to  great  excess  of  the  plasma  pressure  over  the  external 

air  pressure  (p4//>i)»l  and  low  gas  density 

(/f4 /n3, «])((!  the  boundary  3-4  creates  the  gas 
velocity  head  in  adiabatic  area  3-2  and  front  1-2  of 
shock  wave.  Pressure  step  causes  the  neutral  gas 
flow  into  the  plasma,  the  temperature  and  ionization 
extent  decreasing  and,  on  the  contrary,  electron  number 
density  increasing.  Therefore,  the  experimental  data 
show  that  plasma  boundary  is  similar  to  the  semi¬ 
transparent  piston  likely  to  the  property  of  flame  front 
propagating  in  combustible  gas  191. 

According  to  the  heat  wave  model  the  radiation  energy 
flux  is  absorbed  by  the  cool  gas  in  adjacent  narrow 


layer,  the  gas  heating  up  to  the  ionization  temperature 
and  then  Joule  energy  of  the  discharge  current 
dissipating  to  reach  the  plasma  chaimel  conditions  /3/. 
Then  energy  balance  equation  is  reduced  to  the  quasi- 
stationaiy  condition 

v(Kvr)=e,  (1) 

Miere  K-  radiative  thermal  conductivity,  Q-  Joule 
power  dissipation.  The  solution  of  equation  (1)  leads 
to  the  known  formula  for  the  velocity  of  flame  ^nt  191 
and  allows  to  obtain  relations  in  quasi-stationaiy 
approximation  for  the  impulse  arc  chaimel  radius, 
expansion  velocity,  pres-sure,  density,  temperature  and 
active  resistance  /lO/.  The  self-modeling  results  give 
the  space-temporal  relations  for  the  impulse  arc 
gasifynamic  parameters  as  well  /4,5/.  For  the  practical 

calculations  (normal  density  pj  =1,29-10~^  g/cm^)  it 
maybetqiplied: 

r3  =9.10-2  =9.10-2*1/3^5/6, .,1/2^ 

Ti  =  2.62-10^  *-*'2/-i/«, '1/2^ 

P4=0.2i“°-22/'"5«  (*1=1), 

R4=0.35//-®'^r“°^  (*i  =  i),  ■ 

where  i  =  kA,  /  -  arc  length,  cm,  t  -  pr,  r3  - 

cm,  7^-  K,  P4-  MPa,  -  active  resistance,  Q.  The 
same  method  leads  to  formulae  for  the  impulse  arc  in 
water  Hit.  In  difference  with  the  chaimel  radius 
formula  by  Braginsky  712/  the  expression  above  are 

applicable  for  any  power  parameter  *i  in  discharge 
current  approximation. 

3.  Impulse  arc  detonation  and  deflagration 
stages 

It  is  known  the  impulse  arc  is  accompanied  by  the 
shock  wave  (front  1-2)  propagating  in  a  gas  medium  1, 
Joule  energy  dissipating  within  the  boundary  plasma- 
gas  layer  3-4  in  the  wave  tail  of  adiabatic-shell  area  2- 
3,  fig.2-a.  Hugoniot  adiabats  and 

the  transitions  from  gas  initial  state  1  to  the  plasma 
final  conditions  4', 4", 4”'  are  shown  in  the  diagram, 
fig.2-b.  There  are  two  types  of  transitions.  The  first 
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CGneq>oiidmg  to  initial  arc  stage  presents 

the  direct  transitions  1-4',  1-4”,  the  last  in  Jouguet 
point  J.  It  .'  may  be  observed  the  "overpressed 
detonation"  accor(hng  to  the  transition  1-4'of  cool  gas 

particles  (pi,Fj)  through  the  heat  wave  front  with 

heating  and  compression  the  normal  Jouguet 

point  J  regime  aiqtroaching  the  moment  Of  Later  on 

transitions  1-2-3-4'"  occur  by  the 

shock  wave  front  compression  (2)  according  to  shock 

Hugoniot  adiabat  ,  e?q»nsion  in  adiabatic-shell 

area  (2-3)  and  rarefaction  in  plasma  channel 

(3-4”')  like  a  deflagration  transition.  The  diagram 

demonstrates  the  impulse  arc  gasdynanic  regimes  in 
sequence  of  detonation  and  deflagration  stages 
secondary  to  energy  iiq}ut  decrease  as  a  function  of  time 

(dashed  line  4'-4”(7)-4”').  It  is  possible  to  make 
the  definite  predictions  in  qualitative  analysis  and 
interpretation  of  breakdown  impulse  arc  properties  by 
theoretical  and  experimental  methods  received. 

4.  Conclusions 

The  impulse  arc  chaimel  is  an  appropriate  illustration 
of  gasc^mamic  similarity  to  the  regimes  of  detonation 
and  deflagration  of  combustible  gases  previously 
successfully  studied.  The  DD-analogy  approach  enables 
to  make  clear  and  simple  solutions  to  the  complicated 
problem  of  electrical  breakdown  of  gases.  ‘ 
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Fig.  1.  The  radial  profiles  of  impulse  arc  parameters; 

T  -  temperature,  n^  -  electron  number  density,  p  - 

pressure,  8=p/pj  -  reduced  air  density  (p,=1.29  10^  g/cm^. 

The  air  gap  length  -  50  cm,  current  crest  value  -  25  kA, 
time  to  crest  -  19  ps,  registration  time  -  4  ps  [2]. 


Fig.  2.  A  -  The  cylindrical  shock  wave  (1-2)  and  impulse 
arc  channel  (3-  4)  fronts  radial  expansions; 

B  -  Hugoniot  adiabates  of  plasma  states  ( ),  shock 
wave  ( )  and  transsitions  from  the  normal  state  1  to 
the  plasma  states  :  1-4',  1-  4"  (J  )  ("detonation"),  1-2-3- 
-4"'  ("deflagration  "),^-  pressure,  V  -  specific  volume. 
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1  Introduction 

Negative  corona  discharge  burning  in  regime  of  Trichel 
pulses  find  widespread  ai^lications  in  aj^Iied 
electrostatics.  .^^)arently,  firom  an  aj^lication  point  of 
view,  it  is  particularly  important  that  Trichel  pulse 
formation  be  well  understood  theoretically.  Moreover,  as 
speculated  in  [1,2],  studies  of  this  particular  discharge 
phenomenon  are  particularly  usefiil  in  helping  to  obtain  a 
fuller  understanding  of  the  development  of  cathode  region 
of  high-pressure  electrical  discharges. 

Our  previous  results  [3-7]  show  persuasively  that  the 
major  issue  in  an  understanding  of  the  negative  corona 
pulse  formation  is  whether  the  pulse  current  rise  is 
associated  with  the  Townsend  ionisation  mechanism,  or 
whether  it  can  be  attributed  to  a  streamer  ionisation 
mechanism.  It  has  been  hypothesised  that  the 
characteristic  Trichel  pulse  current  shape  is  generated  at 
the  arrival  of  a  positive-streamer-like  ionising  wave  at  the 
cathode  [3-7].  If  it  is  true,  than  it  is  realistic  to  assume 
that  the  Trichel  pulse  has  much  common  with  the  current 
signal  induced  in  a  cathode  probe  hit  by  the  primary 
positive  streamer  in  a  positive  point-plane  geometry. 

The  objectives  of  this  paper  is  to  present  an 
experimental  study  on  the  negative  corona  current  pulses 
and  positive  corona  prebreakdown  streamers  in  hydrogen. 
These  results  are  an  extension  of  our  previous  work  [2-8] 
and  augment  experimental  basis  for  a  general  model  for 
the  formation  of  an  active  cathode  region  at  higher  gas 
pressures. 

2.  Experimental  results  and  discussion 

Discharges  were  generated  in  point-plane  gaps  with  the 
electrode  spacing  S.  The  point  elecPodes  had  radii  of 
curvature  Iq=  0.5  mm  and  0.05  mm  for  negative  and 
positive  coronas,  respectively.  In  the  case  of  negative 
corona  pulses  special  emphasis  was  given  on  determining 
the  role  played  by  cathode  photoemission.  To  this  end, 
copper  iodide,  which  has  an  exceptionally  high 
photoelectric  yield,  was  used  as  an  alternative  catho^ 
surface  material  to  copper.  Current  waveforms  were 
measmed  at  the  cathodes  by  procedure  described  in 


details  in  [7,9] .  The  positive  corona  planar  cathode  had  a 
2-diam  coj^r  central  probe.  The  measurements  were 
limited  by  Ae  100  MHz  bandwidth  of  Iwatsu  TS-8123 
oscilloscope  used. 

Figure  1  shows  current  signal  induced  in  the  small 
cathode  probe  hit  by  the  primary  positive  streamer  in  the 
positive  corona  gap.  This  current  signal  resembles  close 
that  simulated  for  the  streamer  arrival  at  the  cathode  in 
N2  [8],  and  its  interpretation  is  clear;  The  initial  current 
spike  denoted  1^  "A”  is  due  to  the  displacement  current 
induced  in  the  probe  at  the  streamer  approach.  The 
following  current  hump  ("B")  is  due  to  conductive  current 
of  incoming  positive  ions  and  corresponds  to  the 
establishment  of  an  ^normal-glow-discharge-^pe 
cathode  region. 


Fig.l  Current  signal  corresponding  to  the  prebreakdown 
positive  streamer  measured  in  the  positive  corona  gap  (S 
=  5  mm)  at  26.7  kPa  and  2.8  kV 

Note,  that  the  streamer  trace  in  H2  is  very  randrm  and 
experimental  scatter  in  the  waveforms  like  that  in  Fig.  1  is 
large.  This  is  indicative  of  low  cathode  electron 
photoemission  during  the  streamer  propagation. 

A  waveform  of  the  first  negative  corona  Trichel  pulse  is 
shown  in  Fig.2.  A  current  hump  (denoted  "Y")  on  the 
pulse  trailing  part,  following  the  pulse  peak  ("X")  in 
some  X  ns,  can  be  seen.  Based  on  the  streamer  hypothesis 
for  the  Trichel  pulse  formation  the  pulse  shape  in  Fig.2 
can  be  explain  as  follows;  The  initial  current  rise  is  due  to 
formation  of  a  positive-streamer  like  ionising  wave  and 
the  pulse  peak  "X",  similarly  as  the  peak  "A"  in  Fig.l, 
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corresponds  to  a  displacement  current.  The  current  hump 
"Y"  is  due  to  con^ctive  current  of  incoming  positive 
ions. 


TkTB 


Fig.2  Oscillographs  of  a  complex  negative  corona  pulse 
measured  at  a  pressure  of  13.3  kPa  and  gap  voltage  of 
3.62  kV.  Time  scales:  (1)  SO^xs/div,  (2)  5  ^s/div  (3)  500 
ns/div,  (4)  50  ns/div 

It  is  noteworthy  that  at  similar  conditions,  i.e., 
relatively  low  pressure  and  blunt  cathode  in  many  gases, 
as  for  example  N2  and  air  [1],  N2+SF5  [3],  O2[10],  CO 
[5],  and  CO^[6],  a  current  step  on  the  pulse  leading  edge 
due  to  catho^  photoemission  was  observed.  Such  step, 
however,  was  absent  in  hydrogen,  which  in  agreement 
with  the  above  mentioned  random  motion  of  the  streamer 
in  the  positive  corona  gap,  indicate  low  cathode 
secondary  photoemission  there. 

An  attempt  was  made  to  observe  the  step  on  the  leading 
edge  of  negative  corona  pulse  in  H2  using  copper  iodine 
coated  cathode  surface,  which  has  an  exceptionally  high 
photoelectric  yield.  This  gave  the  surprising  result  shown 
in  Fig.  3  that  no  negative  corona  pulse  was  observed,  but 
the  current  grew  exponentially  to  the  breakdown. 


Fig.3  Comparison  of  the  current  growth  waveforms 
measured  at  3.3  kPa  and  1.25  kV  using;  (1)  Copper 
cathode  and  (2)  Cul-coated  cathode 


Such  discharge  behaviour  reminds  that  observed 
Korge  in  pure  N2  and  can  be  explained  as  follows:  The 
conunon  shape  of  the  current  waveform  (1) 
corresponding  to  a  typical  negative  corona  current  pulse 
and  is  due  to  the  discharge  development  according  to  the 
streamer  mechanisms.  The  current  peak  is  generated  at 
the  arrival  of  the  streamer  to  the  caAode.  The  enhanced 
cathode  photoemission  obstructed  the  streamer  formation 
and  resulted  in  monotonous  current  growth  that, 
ajqjarently,  is  due  to  the  discharge  development  according 
to  the  Townsend  mechanism.  This  is  in  line  with  the 
statistical  theory  of  the  transition  between  the  streamer 
and  mechanisms  [10] 

3.  Conclusions 

i)  The  results  provide  further  su^it  for  the  positive- 
streamer-based  model  for  the  negative  corona  current 
pulses  published  in  [2-7]. 

ii)  The  close  similarity  between  the  measured  current 
waveforms  induced  in  a  cathode  probe  at  the  streamer 
arrival  in  H2  and  those  simulated  for  N2  in  [10], 
indicates  that  the  model  is  applicable  for  a  wide  range  of 
gases. 
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Introduction 

Spectroscopic  study  of  corona  discharges  is  one  way  to 
analyze  the  physics  of  these  type  of  discharges.  In 
particular,  measuring  the  discharge  temperatures  gives 
access  to  information  concerning  the  chemical  reactivity 
of  the  medium  [1].  The  different  temperatures:  electronic 
Te,  rotational  Tj-  and  vibrational  Ty  can  be  evaluated 
from  the  spectral  analysis  of  the  light  emitted  by  the 
discharge  [2,3,4],  Measurements  of  Te,  Tf  and  Ty  in 
nitrogen  at  atmospheric  pressure  (or  lower)  have  already 
been  published  [3,4,5].  Rotational  and  vibrational 
temperatures  for  negative  glow  discharges  in  very  high 
density  nitrogen  (up  to  2.4x1 0^1  cm‘3)  have  been 
previously  reported  [6,7].  The  aim  of  the  present  work 
is  to  determine  the  temperatures  of  positive  corona 
discharges  occurring  in  nitrogen  at  295  K  as  a  function 
of  density  (in  the  range  7.4x10^^-7.3x1020  cm'^)  and 
voltage  by  using  the  method  desc:ibed  in  [6,7]. 

Experimental  methods 

The  experimental  arrangement  has  been  described 
elsewhere  [8]  and  so,  will  only  be  briefly  pointed  out 
here.  The  spectroscopic  instrumentation  is  composed  of 
Spectrosil  B  lenses  focusing  the  light  discharge  onto  the 
entrance  slit  (25  pm)  of  a  HRS  Jobin-Yvon 
spectrograph.  The  slit  can  be  used  to  select  any  part  of 
the  light  area  localized  at,  say,  X  pm  from  the  tip.  The 
spectrograph  of  600  mm  focal  length  is  equipped  with  a 
grating  of  1200  g/mm  and  it  is  coupled  to  a  photodiode 
array  detector.  This  detector,  connected  to  an  EG&G 
optical  multichannel  analyzer,  has  a  200-850  nm 
spectral  range.  In  order  to  reduce  the  dark  current,  the 
detector  was  cooled  to  a  temperature  of  -40°C.  The 
nitrogen  gas  (N60  from  Alphagaz)  was  further  purified 
by  passage  over  oxygen  and  moisture  traps  [9].  We  used 
in  this  work  a  point-plane  distance  d  equal  to  9  mm  and 
a  point  radius  of  5-10  pm. 

Results  and  discussion 

In  all  the  studied  density  range,  the  spectra  of  positive 
corona  discharges  in  very  pure  nitrogen  consist  of  the 
second  positive  system  (2s+,  C^FIu-B-^rig),  the  first 
negative  system  (Is’,  B22:u+-x2Zg+)  and,  with  a  weaker 
intensity,  the  first  positive  system  (ls+,  B^flg-A^Z+g) 
of  N2. 

Assuming  that  the  population  of  the  molecules  in  the 
upper  electronic  state  follow  a  Boltzmann  distribution, 
Tj-  and  Ty  can  be  evaluated  from  a  comparison  of 
experimental  and  simulated  spectra  of  vibrational  bands 
of  a  given  transition  (e.g.  Au=-2  of  2s+),  taking  into 


account  the  measured  instrumental  function.  The 
temperatures  are  determined  by  minimizing  the  surface 
delimited  between  experimental  and  simulated  spectra 
[6,7].  Here,  Tf  and  Ty  are  given  for  the  excited  C^flu 
state. 


Fig.  l.Tf  and  Ty  as  a  function  of  the  position  X.  The  tip  is 
at  X=0.  N  =  3.6x10^*^  cm"-^  and  I  =  6  pA- 


An  example  of  the  variations  of  Tf  and  Ty  with  the 
distance  X  from  the  point,  for  a  positive  corona 
discharge  at  a  constant  value  of  the  current,  is  given  in 
fig.  1 .  Whatever  the  density,  the  values  of  Tp  and  Ty  are 
independent  of  the  position  along  the  discharge  region. 
We  have  also  determined  Tf  and  Ty  as  a  function  of  the 
nitrogen  density,  for  a  discharge  mean  current  of  4  pA 
and,  at  a  X  value  where  the  emitted  light  is  maximum 
(fig.  2). 


As  shown  in  fig.  2,  a  reasonable  agreement  is  observed 
between  our  results  for  Tr  and  the  values  of  Tf  obtained 
by  Hartmann  [5]  for  a  regime  of  positive  streamers  in 
air  at  atmospheric  pressure.  Moreover,  Ty  and  Tf  both 
increase  slightly  with  density.  Fig.3  shows  Tp  and  Ty  as 
a  function  of  the  discharge  current  for  a  given  density. 
These  temperatures  also  increase  slowly  with  the 
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current,  e.g.  for  N=2.4xl02®  cm"^  and  1=1  and  7  |J,A, 
Tv=1400  and  1500  K  and  Tr=400  and  500  K 
respectively  (Fig. 3).  This  behaviour  can  be  explained  by 
the  increasing  of  the  electron  density  with  the  current, 
which  produces  greater  rotational  and  vibrational 
excitations  of  the  molecules  [7], 


Fig.3.  Tf  and  Ty  against  discharge  current. 


Fig.  5.  Electronic  temperature  as  a  function  of  discharge 
current.  N  =  1.2x10^°  cm'-^. 

In  all  our  experiments,  the  electronic  temperature  is 
much  greater  than  the  vibrational  and  rotational 
temperatures,  the  vibrational  temperature  being  greater 
than  the  rotational  one.  This  indicates  that  the  positive 
corona  discharge,  even  at  the  highest  pressure,  is  a  non¬ 
equilibrium  plasma. 


The  first  negative  system  of  N2'*'  is  detected  from  low 
density  (7.4x1 0^^  cm'^)  until  high  density  (up  to 
2.4x1 0^®  cm'3)  of  nitrogen.  The  relative  intensities  of 
the  N2(2s‘*')  and  N2'''(ls')  bands,  can  be  used  to  evaluate 
the  electron  mean  energy  (or  electronic  temperature)  in 
the  discharge  [4].  To  do  this  we  have  measured  the  ratio 
of  two  very  close  bands:  the  I(0,0)  band  of  the  Is" 
transition  on  1(2,5)  band  of  the  2s'^  transition. 
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Fig.  4:  The  electronic  temperature  as  a  function  of 
density. 
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If  we  suppose  a  direct  excitation  of  the  second  positive 
and  the  first  negative  systems  and  that  the  electron 
energy  distribution  is  maxwellian  ,  the  mean  electronic 
energy  <e>  or  "electronic  temperature"  kTe  can  be 
computed  [4].  The  deactivation  rates  are  taken  from  [10] 
and  [4]. 

Fig.  4  shows  plots  of  kTg  versus  the  gas  density.  This 
temperature  is  practically  independent  of  density  (in  the 
range  of  our  experiments).  Our  values  of  kTe  ^re  also  in 
good  agreement  with  Hartmann's  values  [5]. 

The  typical  dependence  of  kTe  on  the  discharge  current 
taken  at  a  nitrogen  density  of  1.2x10^®  cm‘^  is  given  in 
Fig.  5.  We  can  remark  here,  kTe  tends  to  be  constant 
with  discharge  current  in  our  experiment  condition 
(from2  to  10  |lA).  Whatever  the  density,  this  tendency 
has  been  observed. 


Conclusion 

In  nitrogen,  the  determination  of  temperatures,  deduced 
from  a  comparison  of  experimental  and  simulated 
spectra,  can  be  made  from  low  density  to  very  high 
density.  For  positive  corona  discharges,  on  the  contrary 
of  negative  ones,  the  evaluation  of  the  electronic 
temperature  can  be  obtained  from  the  analysis  of  the 
second  positive  and  the  first  negative  systems  of 
nitrogen. 
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Introduction 

The  effect  of  gas  density  on  electron  and  ion  transport  in 
nitrogen  and  argon  have  been  reported  by  a  number  of 
authors  [1-6].  Most  of  these  studies  were  made  in  plane 
parallel  geometry  by  using  a  time  of  flight  method 
(called  here  direct  method).  For  example,  Bartels  [1] 
studied  electron  drift  velocity  in  argon  for  E/N  values 
down  to  2x  1 0'^  *  Vcm^,  where  electrons  are  in  thermal 
equilibrium  with  the  gas.  Borghesani  et  al  [2]  did 
measurements  on  high  density  argon  gas.  Allen  and 
Prew  [4]  measured  electron  drift  velocity  at  room 
temperature  in  a  range  of  E/N  where  electrons  are  not 
thermalized  (around  10'^^  Vcm^). 

Conduction  phenomena  (charge  transport,  charge 
creation,  prebreakdown  and  breakdown  processes)  depend 
on  gas  density  as  well  as  on  fluid  nature  and  purity  and, 
electrode  configuration.  In  point-plane  geometry,  in 
some  conditions  it  is  possible  to  evaluate  ion  mobility 
from  current-voltage  characteristics  [7,8].  However,  as 
far  as  we  know,  no  results  concerning  electronic  charge 
carriers  have  been  published  when  using  this  method. 

In  this  paper,  we  present  some  results  of  non-thermal 
electron  mobility  measurements,  deduced  from  I(V) 
characteristics  of  negative  corona  (this  is  an  indirect 
determination  of  mobility),  in  argon  and  nitrogen  gases 
over  a  wide  range  of  density  (3xl0^^<N<3xl02^  cm"^) 
at  room  temperature.  The  results  which  depend  greatly 
on  gas  purification  are  discussed  and  compared  to  those 
obtained  by  other  authors  by  a  direct  method. 

Experimental  techniques 

The  starting  materials  were  nitrogen  and  argon  gases 
(N60  from  Alphagaz).  The  purification  line  consisted  of 
a  series  of  traps.  First,  an  Oxisorb  cartridge  operating  at 
room  temperature  eliminates  oxygen  and  water.  Then,  a 
trap  filled  with  a  mixture  of  molecular  sieves  (3A  to 
lOA)  and  charcoal,  activated  under  vacuum  typically  at 
350°C  for  3  days,  is  cooled  to  -110°C  (using  a  mixture 
of  LN2  +  acetone)  to  increase  its  adsorption  capacity  for 
CO2,  CO,  CjiHm  and  water.  The  gas  was  then 
transferred  into  a  stainless-steel  coaxial  cell  which  was 
previously  pumped  to  about  10"^  Pa  using  a 
turbomolecular  pump  before  filling.  This  cell  could 
withstand  pressures  up  to  10  MPa.  After  initial  cleaning 
and  assembly,  vacuum  leak  tests  were  carried  out 
assuming  that  there  are  no  leaks  larger  than  10'^  Pa 
m^s’’  which  is  the  highest  sensitivity  of  our  helium 
leak  tester.  Then,  the  experimental  test  cell  and  the 
pipes  have  been  cleaned  to  a  high  degree  of  purity  by 
making  the  same  gas  circulating  several  times  through 
them  and  the  purification  line  before  measurements 
(about  20  times). 


Point  electrodes,  made  by  electrolytic  etching  of  a 
tungsten  wire,  were  used  opposite  a  stainless  steel  plane 
electrode.  Tip  radii  of  the  points  were  in  the  range  5-15 
|j,m  while  the  point-plane  distance  d  was  8-12  mm. 

Results  and  discussion 

In  all  our  experiments  with  well  purified  gases  (=  20 
passages  through  the  purification  line),  a  localized  and 
stable  negative  corona  regime  occurs  above  a  threshold 
voltage  Vg.  For  V=Vs,  the  current  increases  abruptly  - 
from  a  non  detectable  value,  i.e.  <10'^^  A,  to  some  100 
p,A  -  and  it  appears  to  be  continuous  and  space  charge 
limited  according  to  the  saturation  current  limit 
established  by  Sigmond  [7]  :  Ig=2p,eoV2/d  (1). 

Here  |x  is  the  mobility,  Cq  the  permitivity  and  V  the 
voltage.  The  spatial  and  spectral  analysis  of  the  emitted 
light  has  shown  that  the  maximum  length  of  the  corona 
region  is  about  1  mm.  In  these  conditions,  the  unipolar 
transport  region  is  close  to  d  and  the  apparent  mobility 
of  the  charge  carriers  can  be  deduced  from  current- voltage 
curves. 


Fig.l:  Apparent  mobility  versus  density  for  purified 
(present  results)  and  non-purified  [8]  argon.  Data  for 
thermal  electrons  [1,2,6]  and  for  non-thermal  electrons  [4]. 


For  similar  conditions  (same  point  radius  and  gap 
distance),  the  value  of  the  space  charge  limited  current 
(SCLC)  decreases  with  the  residence  time  of  the  gas  in 
the  test  cell  (this  corresponds  to  degradation  of  its  purity 
level)  when  Vg  is  independent  of  it.  After  several  days 
inside  the  cell  or  for  a  non-purified  gas,  the  SCLC 
becomes  composed  of  pulses  and  its  mean  value  follows 
the  Townsend  approximation:  Is=C|ieoV(V-Vo)/d  (2) 
where  C  is  a  constant  for  a  given  point  radius  [7]. 

The  density-normalized  electric  field  strength,  E/N,  is  an 
important  parameter  for  transport  phenomena.  For 
point-plane  geometry  in  the  SCLC  regime,  the  mean 
electric  field  in  the  transport  zone  can  be  estimated  to  be 
of  the  order  of  V/d  [9]  and  consequently  E/NsV/dN. 
However,  V  can  only  be  varied  between  the  threshold 
voltage  Vg  and  the  breakdown  voltage  Vb  and  as  Vg  and 
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Vb  are  function  of  density,  the  available  range  of  V/dN 
values  is  limited  and  roughly  independent  of  N. 


Fig.2:  Idem  to  fig.  1  for  purified  (present  results)  and  non- 
purified  [8]  nitrogen.  Mobilities  of  O2'  from  [11] 


For  our  better  purified  gases,  apparent  mobilities 
deduced  from  I(V)  curves  (by  using  equ.  1 )  are  shown  in 
figure  1  for  argon  and  figure  2  for  nitrogen.  The 
experimental  data  of  thermal  and  non-thermal  electron 
mobilities  measured  by  a  direct  method  by  other  authors 
[1-6]  are  also  marked  on  the  corresponding  figures.  Our 
mobilities  which  correspond  to  V/dN  values  comprised 
in  the  range  0.5xl0‘*^-3*10'*^  Vcm^,  are  in  good 
agreement  with  experimental  data  of  [4]  for  non  thermal 
electron  mobilities  in  the  same  range  of  E/N. 

This  indicates  that,  for  a  negative  glow  corona  in  well- 
purified  non-electronegative  gas,  charge  carriers  are  hot 
electrons  and  that  their  apparent  mobility  can  really  be 
evaluated  from  I(V)  characteristics. 


Fig.  3.  Experimental  density-normalized  thermal  and  non- 
thermal  electrons  mobilities  pN  as  a  function  of  nitrogen 
and  argon  density. 


After  a  residence  time  of  several  days  of  the  gas  in  the 
test  cell  or  without  purification  of  the  gas  circuit  [8], 
charge  carriers  mobility  deduced  from  I(V)  curves  (by 
using  equ.  1  or  2)  decreases  with  time  up  to  reach,  after 
a  long  time,  a  mobility  close  to  that  of  02"  ions  (see 
fig.  1  and  2).  The  time  needed  to  get  ionic  mobility 
decreases  when  the  gas  density  increases.  This  is 
consistent  with  a  three  body  attachment  process  of 
electron  on  oxygen  impurity  represented  by  the 
equation:  X-i-02+e  — >  X-(-02" 

In  this  case,  the  attachment  efficiency  increases  with  gas 
density  as  a  result  of  an  electron  lifetime  decreasing  as 
N"^.  Here  X  is  Ar  or  N2. 


In  fig.  (3)  we  show  the  density-normalized  non-thermal 
electron  mobilities  (p'^N)  with  density  N.  (p^N)  tends  to 
be  constant  with  density.  This  tendency  is  very 
interesting  if  we  compare  with  the  zero  field  density- 
normalized  mobility  (PqN)  .  Ar  and  N2  are  typical 
example  of  two  kinds  of  behavior  in  gases:  N2  show  a 
negative  effect  i.e.  (PqN)  decreases  with  increasing 
density.  On  the  other  hand,  Ar  show  a  positive  density 
effect  i.e.  (PqN)  increases  with  increasing  density.  A 
number  of  multiple  scattering  theories  has  been 
developed  to  account  for  the  experimental  observations 
[12].  However  these  theories  were  developed  in  the  limit 
of  small  electric  field  (E=0).  None  of  them  is  able  to 
account  for  all  of  the  observed  phenomena,  in  particular 
the  observed  field  dependence  of  the  mobility  at  a  given 
density. 

Conclusion 

We  have  shown  that  when  using  well  purified  gases, 
one  could  obtain,  with  point-plane  geometry,  reliable 
indirect  measurements  of  mobility  as  a  function  of 
density  and  electric  field.  The  large  influence  of  the 
degree  of  impurities  has  been  stressed  out,  the  mobility 
values  decreasing  from  that  corresponding  to  non- 
thermal  electrons  to  that  of  ions.  Single  scattering 
theory  seems  to  be  followed  over  a  large  range  of 
density;  however  it  would  be  of  great  interest  to  study 
carrefully  the  behavior  near  the  critical  point  where  as  a 
contrary  multiple  scattering  phenomena  become 
important  for  thermal  electron. 
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1.  Introduction 

Pulsed  corona  discharge  is  considered  as  a  promising 
generator  of  non-equilibrium  plasma  at  atmospheric 
pressure  for  environmental  applications.  For  predicting 
the  removal  efficiency  for  different  pollutants  (  NO*, 
SOx,  hydrocarbons  ...  )  the  determination  of  plasma 
(streamer)  parameters  is  important  and  interesting 
subject  for  experimental  as  well  as  numerical  studies.  A 
powerful  diagnostic  tool  to  this  purpose  is  time- 
resolved  multichannel  emission  spectroscopy.  Using 
this  technique  we  have  analyzed  N2-2. positive  system 
(C^ITu-^’B^rig)  emission  produced  in  pulsed  positive 
corona  discharge  in  pure  nitrogen. 

2.  Experimental  set-up 

Details  of  the  corona  discharge  experiment  can  be 
found  in  [1].  Corona  is  generated  in  coa.\ial  geometry 
v\ith  Ag  coated  Cu  central  wire  anode  (®=0.75  mm) 
and  grounded  stainless  steel  cylinder  (  O  =  56  mm  ). 
Pulsed  HV  power  supply  with  maximum  ratings  100 
kV/lkA/  7  ns  risetime/  ~100ns  fall  time  delivers  up  to 
2  J/pulse  with  up  to  lOHz  repetition  rate  at  atmospheric 
pressure  into  the  discharge  volume  ~  1500  cm^. 

Emission  coming  out  of  the  discharge  region  is 
observed  along  the  symmetry  axis  through  quartz 
window  and  collecting  optics  by  ISA  Jobin  Yvon 
HRS  20  monochromator  equipped  with  Princeton 
Instruments,inc.  intensified  (  proximity  focused  MCP 
image  intensifier  gated  through  FG-100  Gate  Pulse 
Generator  )  multichannel  array  detector  IRY512/G/B  . 
Spectra  acquisition  is  performed  through  ISA  J.Y. 
Spectralink  controller  and  SpectraMax  software. 

Time  resolution  down  to  25  nanoseconds  with  the 
jitter  ±  5  ns  has  been  obtained  by  synchronizing 
Spectralink  data  acquisition  system  and  FG-100  pulser 
with  the  HV  circuitry  for  the  corona  discharge.  Position 
of  the  gate  for  microchannel  plate  intensifier  has  been 
controlled  observdng  FG-100  pulse  monitor  output 
simultaneously  with  corona  current  and  voltage  on  high 
speed  digitizing  HP54542A  oscilloscope. 

Corona  discharge  was  operated  under  single  shot 
regime  or  with  1  Hz  repetition  frequency.  Constant 
flow  (  4000  seem  )  of  nitrogen  (99.999)  was 
maintained  through  the  reactor  at  atmospheric  pressure 


delay  1 . delay  4 .... 


Fig.l  Corona  current, voltage  and  FGIOO  pulse  monitor 


(in  order  to  reduce  the  leak  of  air  the  discharge  pressure 
was  kept  —30  Torr  over  the  ambient  pressure).  For 
each  position  of  the  FG-100  gate  with  respect  to  corona 
pulse  single  PDA  acquisitions  were  stored  in  the  case  of 
single  shot  spectra  or  100  pulses  were  averaged  in  the 
case  of  1  Hz  repetition  frequency.  The  Av  =  -1,-2 
sequences  of  N2-2. positive  system  (C^flu-^B^rTg) 
were  stored  and  treated  as  described  in  [2]. 

3.  Results  and  discussion 

We  have  taken  two  data  sets.  In  the  first  set  FG-100 
gate  (25  ns)  was  moved  inside  corona  pulse  (Fig.l)  to 
monitor  possible  intensity  changes  in  emission  during 
active  corona  current  pulse  with  present  electric  field. 
In  the  second  set  emission  during  and  just  after  corona 
current  pulse  (  with  gate  of  200  ns  or  2.5  ps 
respectively )  was  averaged. 

Generally  all  acquired  2. positive  system  spectra  show 
very  cold  C^flu-state  vibrational  distribution  both 
during  HV  pulse  and  afterglow.  Results  for  v=0,l,2 
levels  are  summarized  in  Tab.l  and  Tab.2.  Under  the 
discharge  conditions  (Tab.2)  we  observe  decrease  of 
v=l  level  population  with  respect  to  v=0  with  slight 
increase  at  the  end  of  the  pulse.  This  may  reflect  the 
evolution  of  EEDF  during  discharge.  Comparison  of 
distributions  averaged  over  all  HV  pulse  and  in  the 
afterglow  (Tab.l)  shows  increasing  relative  population 
ofv=l  level  in  the  afterglow.  This  may  indicate  relative 
change  in  importance  of  different  processes  producing 
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C-state  under  discharge  and  post-discharge  conditions. 
Because  of  short  length  of  HV  pulse  the  C^IIu-state 
distribution  during  discharge  period  is  influenced  by 
limited  number  of  processes  :  transfer  of  energy  of  free 
electrons  towards  nitrogen  (i),(iii),  radiative  and 
coliisional  quenching  of  C^Ilu-state  (iv)-(vi).  Important 
can  be  the  influence  of  energy  redistribution  within 
nitrogen  ground  state  vibrational  manifold  (ii)  which 
can  significantly  lower  the  excitation  threshold  for 
direct  excitation  (iii).  In  the  afterglow,  energetic 
electrons  as  a  source  of  N2  internal  excitation  (i),(iii) 
quickly  relax,  consequently  most  of  internal  energy 
redistribution  goes  through  heavy  particle  collisions 
(ii),(v),(vi)  and,  in  addition,  pooling  reactions  may 
become  dominant  source  for  C^flu-state  excitation  (vii). 


N2(v)  +  e  N2(v*>v)  +  e  (i) 

N2(v)  +  N2(w)  ->  N2(v')  +  N2(w')  (ii) 

N2(v)  +  e  N2(C^nu,v’)  +  e  (iii) 

N2(C^n„,v)  N2(B^n^,v’)  +  hv  (2.PG)  (iv) 

N2(C^nu,v)  +  M  ^  N2  +  M  (v) 

N2(C^nu,v)  +  N2  ->  N2(C^nu,v')  +  N2,  v'<v  (vi) 


N2(A^2u,v)  +  N2(A^Z„,w)  ^  N2(C"nu,v)  +  N2(v)  (vii) 

We  have  analyzed  observed  C^Ilu  -  state  vibrational 
distribution  using  kinetic  model  [3],  assuming  both 
Maxwellian  (Te=l-10eV)  and  Druyvestein  ((e)=2-3  eV) 
EEDF  as  well  as  both  Boltzmann  (Tv=500-3000  K)  and 
modified  Treanor  (0*1=2000-2500  K,  Tg=300  K,  with  a 
plateau  extending  up  to  Vd^10-15  and  deactivated  tail 
at  T0=1OOO  K  up  to  v<25)  vibrational  distribution  for 
N2  ground  state  .  Some  examples  of  such  model 
distributions  together  with  experimental  results  from 
Tab.  1  are  on  Fig.2.  It  seems  that  observed  vibrational 
distributions  cannot  be  well  explained  on  the  base  of 
excitation/relaxation  model  using  overall  quenching 
coefficients  for  the  C^Ilu  -  state  vibrational  levels  and 
within  the  range  of  other  model  parameters  (even  using 
quite  low  EEDF  parameters).  Actually  there  are  at  least 
two  points  in  C^flu  state  e.xcitation  model  requiring 
further  improvement. 

(1)  Considering  that  overall  quenching  rate  of  C-state 
at  atmospheric  pressure  by  N2  (~  4-10*  s'’  [4])  is  about 
one  order  higher  than  radiative  one  (~3-10’  s'' [5])  , 
more  information  on  vibrationally  dependent  rate 
coefficients  for  electronic  quenching  (v)  as  well  as  for 
vibrational  quenching  (vi)  is  necessary. 

(2)  Set  of  excitation  rate  coefficients  for  process  (iii) 
was  calculated  using  Franck-Condon  scaled  Cartwright 
cross  section  approximation  [6].  However  strong  non- 
Franck-Condon  excitation  of  vibrational  levels  in  the 
near-threshold  region  has  been  recently  observed  (  the 
ratios  of  v- 1,2  cross  section  to  that  of  v'=0  are  close  to 
FCF  ratios  only  close  electron  energy  ~14  eV )  [7]. 

More  complex  analysis  including  study  of  N2(B^nu) 
and  NO(A^n)  state  excitation  is  in  progress. 


0  1  2 
vibrational  number 

Fig.2  :  N2(C^nu  ,v)-state  distributions.  Experimental 
results  :  El)  HV  pulse,  E2)  afterglow ;  model  results  : 
Ml)  Max^vEEDF  T.=8  eV  and  BoltzVDF  T,=1000  K, 
M2)  MaxwEEDF  T.=l  eV  and  BoltzVDF  Tv=1000  K, 
M3)  Druyvesteyn  EEDF  <e)=2.5  eV,  Treanor  VDF 
0*1=2500  K,  Tg=300  K,  Vd=10,Td=1000  K,  v^25. 
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Tab.  1  Averaged  N2(C^nu  ,v)  -  state  distribution 
over  HV  pulse  and  in  afterglow. 


V 

HV  pulse 

afterglow 

0 

1 

1 

1 

0.14 

0.27 

2 

0.016 

0,06 

Tab.2  :  Evolution  of  N2(C^nu  ,v)  -  state  vibrational 
distribution  inside  HV  pulse. 


D 

1«5RK1 

0 

1 

1 

1 

1 

1 

n 

0.16 

0.113 

0.094 

0.091 

0.114 

2 

0.08 

0.025 

0.015 

0.016 
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Abstract 

the  study  of  the  local  discharge  propagation 
direction  on  the  solution  surface  of  high  voltage 
laboratory  insulator  of  two  electrolyte  water  channels 
is  presented.  The  experimental  results  show  that  the 
loc^  discharge  propagation  direction  is  influenced  by 
the  magnitude  of  the  channel  current  when  the  gradient 
of  potential  in  the  electrolyte  are  approximately  the 
same.  On  the  other  hand,  under  different  gradient,  the 
discharge  moves  on  the  direction  of  the  channel  where 
high  gradient  is  expected. 

1  Introduction 

Because  of  the  difficulty  to  carried  out  experiment 
on  real  polluted  insulator,  laboratory  insulator  has  been 
proposed.  The  well  known  experimental  apparatus  is 
Obenaus  model  with  one  direction  of  the  discharge 
propagation[l].  The  characteristics  and  mechanism  of 
the  discharge  development  have  been  reported[2][3][4]. 

Hampton  predicted  that  the  local  discharge  started  to 
elongate  when  the  gradient  of  potential  in  the  pollution 
is  high  than  that  of  the  column  of  the  discharge  [2]. 

Wilkins  explained  the  discharge  propagation  by  the 
increase  of  the  discharge  current[3]. 

At  present,  only  quantitative  explanations  have  been 
reported,  but  were  not  verified.  Under  Obenaus 
condition,  it  is  difficult  to  distinct  between  Hampton 
and  Wilkin’s  assumptions. 

In  the  present  investigation,  to  clarify  the 
mechanism  of  the  flashover  phenomena,  experiments 
were  earned  out  on  laboratory  insulator  of  two 
electrolyte  water  chaimels  giving  to  the  local  discharge 
two  directions  of  propagation  under  controlled  of 
gradient  of  potential,  channel  current  and  chaimel 
length. 

2  Electrical  description 

An  example  of  the  cell  used  to  carried  out 
experiments  is  shown  in  figure  1.  The  point  electrode 
was  placed  at  the  intersection  of  the  channel  1  and  2 
at  few  mm  above  the  aqueous  solution  of  NaCl  to 
simulate  the  surface  of  wet  polluted  insulator.  The 
chaimel  length  Li  and  L2  are  defined  as  the  axial 
distance  from  the  point  to  the  ground  electrode,  n  or  r2 
and  I]  or  I2  represented  the  resistance  of  the  electrolyte 


by  unit  of  length  and  the  current  in  the  chaimel  1  and  2 
respectively. 


r 


Qkaxni 


1  DL 


Eltetroie  H.V. 
DischargB 


C3MHnel2 


baidator  (NaCL-^ 

Electrol^e 


Figure  1 
3  Static  characteristic 

The  gradient  of  potential  of  the  channel  1  and  2  are 
estimated  at  the  local  discharge  length  h. 

E,=Uab/L,  =  n.Ii  (1),  E2=Uab/L2  =  r2.l2(2) 


Table  1 :  Experimental  results ' 


h(cm) 

VoMage(KV) 

Discharge 

direction 

LI  o 10  cm 

R1  =  25  Kfi 

L2  =  10  cm 

R2  =  50Kn 

E1-E2 

R1<R2 

0.5 

U-12 

U=13.2 

U=14 

U-16 

Channel  1 

LI  ~ 15  cm 

R1-37.5KQ 

L2”5cm 

R2-25KQ 

£1<E2 

R1  >R2 

OJ 

U-7 

U-8 

U-10 

Channel! 

LI  =  14.2  cm 
R1-35.5K11 

L2  =  10  cm 
R2==50Kn 

E1<E2 

R1<R2 

03 

U=12 

U=13.2 

Channel! 

3  Experimental  results 


In  the  following  experiment,  the  gradient  of 
potential  and  the  channel  current  are  compared 
under  the  condition  of  the  local  discharge  length  h. 
When  the  gradient  of  potential  of  the  channel  1  (Ej) 
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in  the  electrolyte  in  front  of  the  local  discharge  tip  is 
approximately  equal  to  E2  of  the  channel  2,  the 
discharge  moves  on  the  direction  of  the  channel  1. 

In  the  case  of  high  gradient  of  potential  E2>Ei  and 
the  resistance  of  electrolyte  in  the  channel  2  (R2)  is 
high  than  that  of  the  channel  1  (R,),  the  local 
discharge  propagates  on  the  solution  surface  of  the 
channel  2. 

When  E2  is  kept  high  than  that  of  Ej  and 
Ri=37.5kf2>R2=50kf2,  the  discharge  moves  on  the 
direction  of  the  channel  2. 

To  know  about  the  influence  of  the  channel  length 
on  the  local  discharge  propagation,  resistance  ohmic 
Rq  is  added  to  channel  2. 

The  experimental  results  in  the  table  2  shows  that 
the  local  discharge  can  elongate  towards  the  channel  of 
high  gradient  of  potential  or  high  magnihide  of 
current  of  long  or  short  channel  length. 


Table!:  Experimental  results 


R2T-R2-I-RQ 

li(cm) 

VoUage 

rtCV) 

Dbcharce 

direction 

Ll-10ciii,Rl-50ICa 
L2-  5  CBi,R2-2SKa 

R2  -  30  KOJUT  -  55  KQ 
El  >  E2,  L1>L241I<R2T 
rl-r2— 5KQ/cin 

0.5 

13.5 

Channel  1 

Ll-10ciii,Rl»20.8Ka 
L2«6cin,R2-16Ka 
R2-5KaR2T»21KQ 
El<E2,U>L24ll>R2T 
rl«r2-2.68  KO/cm 

0.5 

10 

Channel! 

Ll-10cni,Rl-26.8Ka 
L2  -  cm,  R2  >  16.88 

R2  -  10  KOJIZT  «  26.8 
Ka 

El  -  E2,  L1>L2  JU<R2T 
rl-r2-2.68Ka/cm 

0.5 

11 

Channel  1  or  2 

Ll-12cin,Rl-64Ka 
L2-  4cin,R2-18Kn 
R2-5KQ412T-23KQ 

El  <  E2,  L1>L2,R1>R2T 
rl-r2«4.5KQ/cm 

0.5 

10 

Channel! 

4  Discussion 

When  Ei=E2,  the  evolution  of  the  discharge  on 
the  channel  of  low  electrolyte  resistance,  the  authors 
suggested  that  the  discharge  direction  is  affected  by 
the  magnitude  of  the  channel  current. 

In  ours  results,  maybe  Hampton’s  condition  is 
expected  in  both  chaimels  because  Ei=E2.  But 
experimentally,  the  flashover  is  observed  only  in  the 
channel  of  high  magnitude  of  current.  Under  different 
gradient  of  potential,  the  local  discharge  moves  on  the 
channel  of  high  gradient  independently  of  the  channel 
current. 

If  it  was  supposed  that  the  local  discharge  moves 
onthe  channel  1  or  2,  the  increase  of  the  discharge 
current  is  expected  in  both  conditions.  So,  the 
discharge  development  can  not  explained  only  by 
Wilkin’s  condition[3]. 


The  local  discharge  appears  to  propagate  by 
ionizing  of  a  small  space  air  in  the  front  of  the  local 
discharge  tip[3].  In  ours  results,  the  discharge 
development  on  the  channel  of  high  gradient  of 
potential  could  be  explained  by  an  important  ionization 
due  to  the  high  electric  field  near  the  local  discharge 
tip.  Under  this  condition,  the  current  flowing  from  the 
discharge  tip  through  the  solution  surface  has  no  effect 
on  the  discharge  direction. 

The  photoemission  intensity  from  the  local  discharge 
tip  has  an  important  role  in  the  propagation  of  the  local 
discharge  on  the  surfrce  solution  and  is  considered  to 
be  influenced  the  current  flowing  into  the  solution 
through  the  lo<^  discharge  tip[5]. 

When  the  gradient  of  potential  Ei=E2,  the  same! 
ionization  by  the  electric  field  in  front  of  the  local 
disclwge  tip  is  expected  in  both  channels.  Under  this 
condition,  may  be  the  channel  current  giving  high 
iniatoiy  of  electron  1^  the  phoemission  which  affected 
the  discharge  direction. 

The  propagation  of  the  local  discharge  on  the 
channel  of  high  gradient  of  potential  with  low  channel 
current,  the  authors  suggested  that  the  ionization 
process  by  the  electric  field  is  more  effective  to  drive 
the  local  discharge  towards  the  flashover  compared  to 
that  of  the  photoemission. 

5  Conclusion 

The  influence  of  the  gradient  of  potential,  current  in 
the  channel  and  channel  length  on  the  local  discharge 
propagation  direction  towards  the  flashover  has  been 
investigated  experimentally: 

1)  When  the  gradient  of  potential  in  the  pollution  of 
both  channels  are  approximatelly  the  same,  the 
flashover  is  observed  on  the  channel  of  high  current. 

2)  When  the  gradient  of  potential  are  different,  the 
discharge  choices  the  direction  of  the  channel  of  high 
gradient  independently  of  the  channel  ciurent  or  the 
chaimel  length. 

From  these  results,  it  was  deduced  that  the  gradient 
of  potential  in  the  pollution  in  front  of  the  local 
discharge  tip  plays  an  important  role  for  the  discharge 
propagation  compared  to  that  of  the  channel  current. 
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Background 

In  a  recent  paper  [1]  the  characteristics  of  the 
transition  &om  a  pulsed  to  a  pulseless  regime  mid-way 
in  the  current  range  for  a  point-plane  negative 
discharge  were  discussed  where  the  gap  separations  d 
were  in  the  range  4-20  mm.  Although  the  transition 
is  smooth  rather  than  abrupt,  it  is  nevertheless  quite 
distinct  and  can  be  clearly  identified  in  the  plots  of  the 
central  peak  of  the  planar  current  J,  against  the  overall 
current  /.  It  has  also  been  shown  to  be  associated  with 
the  disappearance  of  the  central  current-dimple  [2]  in 
the  planar  current  profile,  so  that  Warburg’s  law  is 
exactly  obeyed,  and  with  the  planar  current  disc 
attaining  its  asymptotic  diameter.  Briefly,  it  was  shown 
firom  the  measurements  that  transition  occurs  when  / 
has  a  critical  value  4  [d)  given  by 

I^{d)  =  Cd  where  C  =  lS|iA/mm  (1) 
and  when  J,  has  the  critical  value  given  by 

j^{dl)  =  Djd  where  D  =  7-5|xA/mm  (2) 

which  can  be  confirmed  theoretically.  Above  the 
transition,  the  central  planar  current  y,  obeys  the 
exponential  law 

7.  =  exp(a:(^/)/)  (3) 

where 

oc  yd  and  a  oc  yd"  (4) 

so  that  the  current  on  the  central  axis  of  the  discharge 
rapidly  increases  with  the  total  current  I  or  voltage  V. 
These  are  the  relevant  findings  as  far  as  the  present 
paper  is  concerned.  However,  many  other  qualitative 
and  quantitative  properties  of  the  transition  and  of  the 
region  that  lies  beyond  it  were  presented  in  the  original 
paper  [1]. 

The  reason  put  forward  for  both  the  transition 
and  the  behaviour  of  the  pulseless  regime  leading  to 
breakdown  is  the  axial  gas  heating  in  the  central 
channel.  It  was  suggested  [1]  that  this  is  associated 
with  a  critical  energy  deposition  by  the  ionic  currents  in 
the  region  beneath  the  coronating  point  This 
suggestion  is  in  line  with  the  observations  of  Kurimoto 
and  Parish  [3]  and  with  the  breakdown  theory  for 
positive  coronae  proposed  by  Marode  [4].  The  present 
paper  gives  an  initial  survey  of  the  theory  of  this 
heating  and  quantifies  the  rate  of  temperature  increase 
for  these  small-scale  negative  discharges  in  air. 


Gas  Heating  by  Ionic  Currents 

Current  distributions  j  do  woric  at  a  rate  per 
unit  volume  given  by 

E-j  =  HP  E*  (5) 

where  E  is  the  electric  field,  p  is  the  ionic  mobility 
and  p  is  the  charge  density.  This  is  the  rate  at  which 
the  electrostatic  energy  is  transferred  to  the  thermal 
fiee-energy  of  the  gas  [5],  so  that  the  rate  of  increase  of 
energy  per  molecule  is  //p  E  V  n  where  n  is  the  number 
density  of  neutral  molecules  (much  larger  than  the 
number  density  of  ions).  As  gas  temperature  can  be 
defined  by  the  classical  form 

where  \m(f  is  the  mean  kinetic  energy  per  molecule 
and  R  -  1-379  x  10  “  kgmVs'K  is  Boltzmann’s 
constant,  the  local  rate  of  increase  of  the  gas 
temperature  is  given  by 

The  above  form  (7)  is  true  for  the  drift  region 
and  the  glow,  the  reasoning  for  the  glow  region  being 
as  follows:  if  a  charge-carrier  (ion  or  electron)  is  being 
created  at  a  rate  r.  ,  k  =  1...  at  any  point,  then  for  each 
type  of  carrier,  the  electrostatic  field  is  supplying 
energy  at  a  rate  r,  (ft  where  ^  is  the  local  electrostatic 
potential.  However,  summing  over  the  carriers  shows 
the  total  of  this  energy  supply  r,  to  be  zero  as  (ft 

is  independent  of  k  and  ^  =  0  (charge  cannot  be 

created  or  destroyed  but  only  separated). 

Temperature  Increase  in  the  Pulsed  Regime 

As  part  of  a  comprehensive  study  [6,  7],  finite- 
element  techniques  have  been  used  to  solve  the  field 
equations  with  a  gap  separation  d  of  10mm  and  an 
overall  current  I  of  100  pA  in  a  negative  DC  discharge. 
Transition  at  this  gap  separation  takes  place  at  about 
150  pA  [1]  so  that  the  solution  is  typical  of  the  pulsed 
regime.  As  the  temperatures  in  the  central  channel  are 
the  largest  in  the  interelectrode  gap,  the  numerical 
solution  for  E  and  j  has  been  used  to  give  the  rate  of 
heating  on  the  axis  as  a  fimction  of  the  upward  distance 
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z  from  the  plane.  Note  that  the  neutral  molecule 
density  /i  =  2  -  5  x  10”  for  air.  Results  are  given  in  the 
figure.  As  can  be  seen,  rates  of  temperature  increase 
for  the  lower  half  of  the  gap  are  circa  500  K/s;  in  the 
upper  half  temperature  rates  increase  steeply  so  that  in 
the  vicinity  of  the  tip  near  the  edge  of  the  glow,  (not 
shown)  they  are  of  the  order  10*  K/s. 


K/s 


Axial  rates  of  heating  plotted  against  distance  zford  —  lOnim 

Temperature  Increases  in  the  Pulseless 
Regime 

In  the  absence  of  accurate  numerical  results 
for  pulseless  coronae,  reasonable  estimates  of  field 
values  in  the  gap  have  to  be  used  in  this  preliminary 
study.  Only  on  the  plane  are  measured  values  of  the 
current  distribution  Imown  [1],  and  even  here  accurate 
values  are  obscured  by  measurement  difficulties  [8]. 
There  are  good  reasons  for  thinking  that  true  values  are 
higher  than  the  “measured”  values  which  are  spatial 
averages.  Taking  a  gap  separation  d  of  10  mm,  the 
shown  tabular  estimates  of  the  temperature  rates  of 
increase  have  been  obtained  from  known  theoretical 
relationships.  For  example,  there  is  Warburg’s  general 
form  [9]  giving  the  current-voltage-separation 
relationship;  and  also  asymptotic  charge-drift  methods 
[10]  which  show  that  the  average  planar  values  of  the 
charge  density,  current  and  power  transfer  are 
E^Vjd'  .  and  s^uV'fd'  respertively  (  here 

is  permittivity).  The  range  of  quoted  values  run 
from  transition  upwards  (breakdown  was  not  risked  in 
the  experiments  in  order  to  protect  the  apparatus). 


PUiK  centre 

Drift  avenge 

Glow  tip  on  axis 

£(kV/nini  =  10‘  V/m) 

0^  -0-8  + 

1-2 -1-7  + 

2-5 

y  (|jA  /  mm*  “  A  /  ra*) 
tempenture  rale  (K/5) 

0-7-2‘0  + 

850  -  3^  + 

0-27  —  0-55  + 

650  “1,900  + 

3-}  —10  + 

17.300  -  50,000+ 

Conclusions 

Given  the  previously  mentioned  likely  increase 
of  true  current  values  over  measured  values  because  of 
the  averaging  effect  of  current  probes,  it  seem  that  the 
temperature  rates  of  increase  (heating  effects)  in  the 
pulseless  regime  are  considerably  larger  than  those  for 
pulsed  corona.  Moreover,  the  volume  where  this 
heating  effect  is  significant  (the  central  channel)  is 
strongly  localized  in  the  region  near  the  central  axis. 
These  findings  support  the  suggestion  of  a  critical 
energy.  Readers  should  note  the  the  quoted  values  are 
only  notional  rates  of  heating  as  there  are  cooling 
mechanisms  (conduction,  convection,  the  electric  wind) 
present  to  counteract  the  heating  so  that  stable  constant 
temperature  situations  exist  Nevertheless,  the  quoted 
values  seem  to  be  in  line  with  the  suggested  SOO  K 
excess  temperature  values  of  the  initial  stu^  [1]. 
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Introduction 

The  voltage  range  for  small  scale  point-plane 
negative  DC  corona  in  air  can  be  divided  into  two 
regimes  [1].  At  lower  voltages  V  the  discharge  is 
pulsed  and  displays  the  characteristics  of  an  increasing 
planar  current  radius  and  a  central  dimple-like 
suppression  of  the  Warburgian  current  [2].  There 
follows  a  smooth  transition  whose  mathematical 
description  can  be  found  in  another  paper  in  these 
proce^ngs  [3],  At  higher  voltages  the  discharge  is 
pulseless  with  a  fixed  planar  current  radius  and  an 
axial  current  augmentation  that  behaves  exponentially 
with  the  total  current  /.  The  coefficients  of  this 
exponential  law  are  dependent  on  the  gap  separation  d 
[1,3],  and  breakdown  is  approached  as  the 
voltage/current  is  further  increased. 

In  the  original  paper  [1],  the  reason  put 
forward  for  the  transition  and  the  formation  of  the 
axial  current  channel  was  the  gas  temperature  increase 
associated  with  a  critical  energy  deposition  by  the 
ionic  currents.  This  corresponds  to  the  suggestions  of 
other  researchers  [4,5].  As  pressure  p  =  nRT  (usual 
notation)  will  not  vary  greatly  across  the  gap,  an 
increased  axial  temperature  T  implies  a  reduced  gas 
molecule  number  density  /»  in  the  central  region. 
Values  of  E/n  on  the  Paschen  characteristic  are 
increased  so  preparing  the  gap  for  breakdown.  In  the 
inaugural  paper  [1],  a  500K  estimate  of  this 
temperature  was  given  for  the  pulseless  regime  that 
was  based  on  the  work  of  Yamada  et  al.  [6].  Here,  a 
theory  based  on  the  balance  between  ionic  heating  and 
conduction  leads  to  alternative  temperature 
predications  based  on  the  field  equations. 


The  Temperature  Distribution 

In  a  sister  paper  in  these  proceedings  [3]  it  is 
shown  that  the  lo^  rate  of  gas  heating  by  ionic 
currents  in  both  the  drift  and  glow  regions  is 

2  1  zr  •  2  1  r.J 

3  ~  3  Rn 

where  R  is  Boltzmarm’s  constant,  J  is  spatial  current 
magnitude,  E  is  field  strength,  p,  is  mobility  and  p  is 
space  charge  density.  Estimates  for  the  size  of  the 
axial  heating  in  K/s  for  both  the  pulsed  and  the 


pulseless  regime  are  given  in  the  paper.  This  is  a 
notional  rate  of  heating,  however,  as  conduction, 
convection,  the  electric  wind  etc.  counterbalance  the 
heating  so  that  a  stable  situation  exists.  In  this  paper, 
only  the  conduction  of  the  gas  in  the  axial  direction  is 
taken  into  account  Perhaps  this  is  an  over¬ 
simplification  leading  to  exaggerated  values,  but  it 
seems  a  reasonable  way  forward  at  this  stage  in  the 
development  of  a  theory. 


The  local  rate  of  temperature  increase  by 
conduction  is 


k  d^r 
m/iC,  dr* 


(2) 


where  k  is  the  conduction  coefficient,  m  the  mean 
molecular  mass,  C,  the  specific  heat  at  constant 


volume  and  z  is  the  axial  coordinate  measured 
upwards  fi-om  the  plane.  This  is  an  ordinary  Fourier 
expression  as  the  radial  Laplacian  terms  have  been 
omitted.  As  this  rate  of  increase  is  given  by  the 
transfer  of  energy  from  the  electrostatic  field  (1),  it 
follows  that 


d’r 

d? 


2  pmC, 

3  kR 


pE^  =rpE'^ 


(3) 


defining  the  coefficient  y.  Using  a  classical  approach 
[6]  it  can  be  shown  that  yis  temperature  invariant. 


Charge  Drift  Field  Estimations 


Charge  continuity  when  viewed  fi-om  a 
Lagrangian  point  of  view  [7]  results  in  the  charge  drift 
equation 


d/ 

which  is  easily  integrated  to  give 


(4) 


1  _  -L  =  — 

P  Po  Pt 


(5) 


where  t  is  the  time  of  flight,  p^  is  the  initial  density 


and  e  is  permittivity.  As  stated  in  the  original  paper 
[1],  there  are  arguments  that  can  be  put  forward  to 
justify  the  assumption  of  a  uniform  electric  field  in 
the  gap.  At  a  central  position  at  a  distance  z  above  the 
plane,  the  time  of  flight  fiom  the  point  would  therefore 
be 


^ 

pV 


(6) 
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so  that  an  upper  bound  (asymptote)  for  p  is 
eV  _  £y  ..  rt  ^  ^  j 

Using  the  above  in  equation  (3)  gives 

£I  = 

dr*  (d  -  z)d^  d  -  z 
using  p  and  defining  F,  and 

£r  _  2£1  ^  r 

dr*  d*~ 
using  the  simpler  form  p  . 


(7) 

(8) 

(9) 


Integration  of  the  forms  (8)  and  (9)  is 
straightforward  and  results  in 

T-T^  =  Fd  {d-z)  In  (10) 


and 

T-%  =  yr*  (11) 

respectively,  where  is  the  ambient  temperature. 
Here  the  boundary  conditions  T  =  at  r  =  0  and 


-r-  =  0  at  z  =  0  are  used  which  are  reasonable, 
dz 


Hence  the  temperature  adjacent  to  the  tip  at  z  =  «/  is 
given  by 

T  -T^  =  Fd^  or  ^  (12) 

depending  on  whether  form  (10)  or  (11)  is  used. 
Further  consideration  of  the  charge  drift  theory  [7] 
shows  that  these  are  bounds  of  th^  linearized 
conduction  equation  (3). 


Numerical  Results  and  Discussion 


above  transition.  The  term  in  /'therefore 

increases  by  at  least  a  &ctor  of  3. 

As  can  be  seen  from  equations  (3),  (8)  and 
(9),  the  temperature  excess  varies  as  iy /df  d,  so  that 
taking  d  =  \Q  nun  as  a  reference  value,  the  bounds 
given  by  equation  (12)  for  T~T^zl  transition  ate 

-  690  K^7’-2;  ^  1380K.  (16) 

If  for  example,  bounds  for  d=  A  nun  ate  required  then 
they  will  be  40%  of  the  above.  As  radial  conduction, 
convection  etc.  have  been  ignored,  it  is  the  lower  of 
the  bounds  that  is  likely  to  be  of  the  order  of  the 
magnitude  of  the  true  temperatures;  and  this 
corresponds  to  the  SOO  K  prediction  of  the  original 
paper  [1].  When  breakdown  is  approached,  using  the 
previously  explained  fector  ~  3  it  seems  that 
temperature  excesses  for  d=lQ  mm  could  be  as  much 
as 

2,000K^  r-2;  ^  5,000K.  (17) 

However,  other  physical  effects  of  the  sorts  already 
mentioned  are  likely  to  substantially  attenuate  these 
temperatures.  Nevertheless,  the  linearized  theory  of 
gas  conduction  implies  gas  tenqreratuie  excesses  of  at 
least  several  hundred  degrees,  possibly  a  few 
thousand,  in  the  central  current  chaimel  for  the 
pulseless  regime. 
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=  Cd  (14) 
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in  mm.  Hence,  by  Warburg’s  general  form  in  which 
/rf  varies  as  F* ,  it  follows  that 

y  =  1-34  kV/ mm  (15) 

at  transition.  The  range  of  V  above  transition  was 
restricted  in  order  not  to  risk  equipment  damage  at 
breakdown,  but  voltage  values  increase  by  at  least  50% 
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Introduction 

The  calculus  of  variations  gives  rise  to 
perhaps  the  most  powerful  techniques  for  solving 
problems  in  mathematical  physics.  But  as  with  most 
methods  there  are  strengths  and  weaknesses.  For 
example,  there  are  occasions  when  integral  functionals 
are  physically  meaninglesss  even  though  their 
extremals  are  based  on  physical  principles.  There  are 
also  difficulties  if  the  integral  is  an  exact  differential 
as  the  Euler-Lagrange  equation  is  identically  zero;  and 
not  all  of  the  governing  equations  of  phenomena  can 
be  associated  with  the  variation  of  an  integral. 
Nevertheless,  the  success  of  variational  techniques  in 
the  field  problems  of  electrostatics  is  well-known. 

In  the  theory  of  corona  discharges  the  two 
main  equations  to  be  solved  are  Poisson’s  equation 
and  the  charge  continuity  equation.  As  an  alternative 
to  the  latter,  charge  drift  methods  can  be  used  [2-6], 
and  variational  principles  for  the  two  field  equations 
have  been  established.  In  this  new  formulation  [2,  4, 
5]  the  simultaneous  nested  minimization  of  two 
integrals  is  the  equivalent  of  solving  .  the  field 
equations.  In  the  Poissonian  integral,  the  electric 
potential  (p  is  assumed  known  and  an  e.xtremal  is  sort 
for  the  variable  charge  distribution  <j ;  whereas  in  the 
charge  drift  integral  the  charge  distribution  p  is  taken 
as  known  and  the  potential  function  y/  is  allowed  to 
vary.  The  dual  approach  with  the  roles  of  the  two 
distributions  interchanged  in  the  integrals  was  not 
given,  as  an  integral  functional  for  the  charge  drift 
equation  with  a  known  potential  <j>  and  unknown 
distribution  cr  could  not  be  found.  The  inability  to 
formulate  this  problem  is  the  subject  of  this  paper  and 
the  consequent  implications  for  the  theory  of  charge 
drift  are  also  considered. 

Poissonian  and  Charge  Drift  Variations 

It  is  well  known  that  the  minimum  of  the 

integral 

dD  (1) 

is  achieved  when  y/=  p  where  p  is  given  by 

VV  =-/?/£■.  '  (2) 


This  has  a  physical  meaning  as  the  integral  (1)  over 
all  space  D  is  a  Hamilton-like  principle  involving  a 
field  energy  minimization  where  the  charge 
distribution  is  p  and  the  potential  is  yr.  The  dual  of 
this  variation  is  the  extremizing  of  the  integral 

dD  (3) 

where  the  extremal  p  of  the  functions  cr  satisfies 
Poisson’s  equation  (2).  It  is  significant  that  this 
integral  does  not  have  a  physical  meaning. 


Ji- 


ycr^  -  eVp.VfT 


The  previously  published  charge  drift 
formulation  [2,  4,  5]  now  comes  from  the  time  rate  of 
change  of  the  energy  integral  (1)  when  power  is 
consumed  by  ion-molecule  collisions  characterized  by 
a  mobility  coefficient  p .  This  gives 


Jd  l 


I  ^  dp 


d£> 


whose  minimal  satisfies  the  drift  equation  [2-6] 


(4) 


(5) 


where  the  total  time  derivative  is  taken  when 
travelling  with  the  ions.  The  previoirsly  mentioned 
simultaneous  minimization  of  the  integrals  (3)  and  (4) 
is  therefore  equivalent  to  solving  the  continuity  and 
Poisson’s  equations.  The  dual  approach  utilizing  (1) 
and  the  time  rate  of  change  of  (3)  is  therefore  an 
important  consideration  as  it  would  be  the  basis  of  an 
alternative  finite  element  method  to  that  given  by  the 
above. 


Degeneracy 


It  is  easy  to  demonstrate  that  an  integral  in 
terms  of  a  known  (f>  and  tmknown  cr  which  has  an 
extremal  p  given  by  equation  (5)  carmot  be  found. 
The  algebraic  possibilities  for  the  integrand  are  soon 
exhausted  (exact  differentials  appear);  and  the  non¬ 
existence  can  be  shown  more  formally  as  follows.  If 
the  integrand  F{t ,  p,  /?')  satisfies  the  Euler-Lagrange 


equation  (5),  in  the  simple  time-dependent  case  when 
moving  with  the  ions,  the  extremal  p{t)  is  given  by 


(6) 


Expanding  the  first  term  in  the  usual  way,  as  there  is 
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no  term  in  /?"  in  the  second  expression  involving  p,  it 
follows  that  F  is  at  most  linear  in  p'  so  that  it  has  the 
form 

p'f{p.t)+g{p.t).  (7) 

Substituting  this  back  into  equation  (6)  gives  a 
contradiction  as  the  terns  in  p)  cancel  in  the  left-hand 
expression  so  that  it  cannot  equal  the  second 
expression  which  involves  pf .  An  integrand  F 
satisfying  equation  (6)  therefore  does  not  exist. 

As  the  charge  drift  integral  (4)  has  been 
shown  to  be  the  time  rate  of  change  of  the  Poissonian 
integral  (1),  it  is  interesting  to  find  the  extremal  of  the 
time  rate  of  change  of  the  dual  charge  drift  integral 
(3).  Using  the  divergence  theorem  and  the  boundary 
conditions  on  (j)  at  infinity  (cr  can  be  piecewise 
continuous),  then  the  time  rate  of  change  of  (3)  can  be 
written 

J  +  fcrVV  dZ)  (8) 

which  can  be  expanded  in  the  usual  way.  Hence, 
allowing  time  to  be  part  of  the  domain  D  (this  does  not 
alter  the  extremal  of  (3)),  the  Euler-Lagrange  equation 
reads 

pp'^^<p  +  =  0  (9) 

so  that  either  Laplace’s  equation  or  Poisson’s  equation 
(2)  is  recovered  rather  than  the  required  charge  drift 
relation  (5),  and  nothing  has  been  gained  by  this 
approach. 

In  the  above  analysis,  time  is  regarded  as  an 
independent  variable.  If,  alternatively,  only  the  spatial 
variables  are  considered,  the  Euler-Lagrange  equation 
becomes 

+  //pVV  +  5  -^  +  =  0  (10) 

which  is  also  degenerate  and  identically  zero  as  in  any 
field  calculation  Poisson’s  equation  must  always  be 
satisfied.  In  conclusion,  whatever  manipulations  have 
been  tried,  the  term  involving  the  time  derivative  of 
the  charge  distribution  in  the  drift  equation  is 
problematical  as  it  either  always  directly  cancels  in  the 
Euler-Lagrange  equation  or  it  is  balanced  by  a  time 
derivative  of  (p  which  similarly  cancels  when  Poisson’s 
equation  is  used. 

Implications  of  Degeneracy 

The  strength  of  variational  techniques  make 
them  an  obvious  choice  of  method  when  solving 
problems  in  field  theory.  In  the  theory  of  charge  drift 
[2,  4,  5],  the  author  found  that  these  methods  were  not 
effective  when  dealing  with  temporal  changes  in  space 
charges,  and  other  approaches  had  to  be  used.  Two 


major  results  in  particular  seemed  to  defy  variational 
methods.  The  first  of  these  is  that  a  cloud  of  ions  with 
mobility  p  inexorably  expands  at  a  linear  rate  given 
by 

U.Q 

D  =  Do+^t  (11) 

where  D  represents  the  volume  of  the  cloud  of  total 
charge  Q.  The  second  is  the  asymptotic  shape 
theorem  [2,  4,  5],  which  for  ions  of  a  single  mobility 
implies  that  any  distribution  of  space  charge 
approaches  a  spherical  shape  before  it  disperses  ly  the 
mutual  repulsion  of  the  ions.  The  reason  for  this  lack 
of  success  (not  reported  in  the  publications)  can  now 
be  seen  from  the  findings  of  the  previous  section. 

The  only  variational  formulation  of  the 
charge  drift  equation  (5)  is  the  minimizing  of  the 
integral  (4)  in  which  both  p  and  its  time  derivative  are 
known  functions.  This  effectively  removes  the 
physical  charge  movements  from  the  mathematical 
formulation:  the  time  derivative  of  p  is  a  given 
function  that  appears  in  the  integrand  so  that  the 
allowed  variations  in  y/  do  not  describe  the  ionic  flow 
in  any  way.  This  variational  principle  is  therefore 
useless  in  describing  any  temporal  changes  in  the 
charge  distribution.  The  lack  of  a  dual  principle  in 
which  Ip  is  known  and  cr  is  allowed  to  vary  with  time  is 
therefore  crucial  to  the  effectiveness  of  the  whole 
approach.  There  is  no  foothold  for  the  calculus  of 
variations  in  charge  drift  problems  imless  the  time  rate 
of  change  of  the  charge  distribution  at  any  position  is 
found  by  some  other  means.  Only  under  these 
circumstances  can  variational  methods  be  used  by  the 
simultaneous  minimizing  of  integrals  (3)  and  (4). 
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i.  hitroinction 

The  streamer  dischat^ge  in  UHF  electromagnetic  Helds 
is  one  of  the  finest  and  the  most  misunderstood  nature 
phenomena.  It  arises  in  dense  gas  in  a  beam  of 
electromagnetic  wave  radiatioa  Li  a  dense  gas  an 
electrodeless  UHF  discharge  have  a  con^Iicated 
filamentary  structure.  The  discharge  is  shaped  as  a  net 
of  very  thin  luminous  filaments  with  bri^  fragments, 
vdiich  length  s^iproximatelly  equals  half  wave  length  of 
radiation  The  discharge  consists  of  thin  filaments 
selforganized  into  electrodynamic  resonant  vibrators 
and  loops,  rising  one  from  another  and  propagating 
away  from  initiatiiig  point  The  observations  show  that 
filament  fragments  of  discl^dge  net  do  not  exist 
simultaniously  but  are  arising  one  from  another  The  5- 
1 0  cm  wave  length  radiation  and  0. 3- 1  atm  air  pressure 
are  good  conditions  for  observation  of  the  discharge 
[1,2,3,].  After  creation  the  arised  discharge  can  be 
si^ported  by  radiation  with  electric  field  amplitude 
much  less  than  critical  value  E«.  R  was  found 
erqrerimentaliy  that  the  electrodeless  disdiarge  can 
continiously  exist  even  if  undercritical  parameter 
E/Ecr  equals  1/50  and  less  [4].  R  is  possible  by  due  to 
streamer  e^ect  The  electric  field  on  the  ends  of  thin 
filament  is  much  more  than  ur^erturbed  field. 

There  are  many  experiment^  studies  of  the  UHF 
streamer  discharges,  but  a  satisfactory  theory  of  this 
phenomenon  is  absent  today.  R  is  caused  by  very  hard 
mathematical  difficulties  from  one  side  and  absence 
of  clearness  in  physical  mechanisms  driving  the 
process,  from  other  side.  The  mathematical  model  for 
discription  of  a  discharge  fragment  of  the  undercritical 
UHF  discharge  and  numerical  investigations  of  its 
spatio-temporary  evolution  are  presented  in  the  paper. 

l-Theoretical  moiel 

R  is  clear  that  mathematical  model  of  the  streamer 
discharge  in  UHF  electromagnetic  wave  must  take  in 
to  account  the  3D  geometry,  fully  electromagnetic 
field  discription  selfconsistent  with  discharge  ,  plasma 
chemistry  and  gas  dynamics.  So  as  investigation  of 
filament  net  is  very  con^licated  the  single  filament 
fragment  of  the  net  is  chosen  as  modelling  object 
R  is  found  the  method  of  calculation  of  the 
electromagnetic  fields  at  thin  filament  with  radius- 
length  ratio  tq)  to  minus  several  orders  of  value  and 
with  arbitrary  conductivity  distribution  along  filament 
by  means  of  the  integ:^  Pocklington  type  [5,6j 


equation  for  electric  field  an^ilitude  E  on  the  Hlament 
axisE 


E(z)  =  Eort  +  i-  J E(z')  W(z',z).k.dz', 

-4D 


where 

W(z'.2)  =  G'Cz'.z). 

<D 


G'(Z’,Z)- 


G(R), 


(l-i*kR> 


2-3- 


f]+(ka)2  , 


G(R)=exp(i-kR)/R, 
R(z',  z) = ^a^+(z'-z)^. 


a 

TCo)  =  J  Jopl+i-dTto/o-k^rtir], 

0 

k?=ffl/c-  wave  number,  a-  the  filament  radius,  o- 
conductivity,  o-  field  frequency,  E*t-  external  wave 
field.  The  integral  equation  have  solved  numerically 
together  with  lydrodynamic  equations  in  fivnne  of 
isobaric  s^proximation,  vdiich  take  into  account  the 
next  physical-chemical  processes;  l)ionization  in 
electric  field  by  electron  impact  and  in  heated  gas, 

2) electron  dissotiative  and  3-body  attachment, 

3) recombination,  4)electron  diffusion,  andiipolarity 
field  and  electron  drift  in  UHF  electric  field  [7],  5)ga3 
heating  [S]>  6)radiative  losses. 


=  [KiCE,N)-K,(:E,N)- R«.CE.N).aJCaN+ 

+  l.V-(DCE,N,o)-V(c„N)). 

—  = -N-tcj-©(a)-E*-Irad(N)], 
dt 

o  =  0„+0s^ 
where 

Ki,  impact  ionization  and  attachment  velocity 
rates,  Free**  ot-mKto/e^  (a-  recombinatin  coefficient ), 
Cfa  -  nonequelibrium  conductivity,  -  equilibrium 
conductivity,  D  -  effective  diffusion  coefficient,  - 
radiation  losses,  6  takes  into  accout  a  skin  effect 

S.The  simulation  result 

R  is  shown  that  only  correct  accounting  of  all  the 
mentioned  factors  and  their  dependenses  on  electron 
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and  gas  temperature  gives  possibility  to  simulate  the 
evolution  of  the  streamer  discharge  in  UHF 
electromagnetic  field,  vdiidi  is  less  than  critical  one.  It 
must  be  noted  especially  the  key  role  of  free  electron 
diffusion  and  oscillatory  drift  on  the  streamer  ends  [7] 
and  gas  heating-  Fig.  1  and  2  demonstrate  the  behavior 
of  the  undercritical  streamer  discharge.  One  can  see 
on  Fig.  1  that  initial  hot  plasmoid  with  small  length  and 
conductivity  is  rising  slowly  until  its  length  reach  the 
resonant  value.  At  that  moment  (t  "•  13  mks)  the 
streamer  ends  velocity  is  maximum  and  equals 
“2-10^001/3.  After  the  resonance  the  streamer  growth 
is  stoped. 

Z,C1I1 


f.jniks 

Figl.  Contour  plot  of  electric  field  anr^ilitude  on  the 
filament  axis  E(z,t),  E«rt”0'25-En„  ^8.5cm. 

Fig.  2  shows  that  streamer  effect  takes  place  indeed. 
The  field  increases  on  the  ends  of  filament  so  as 
difference  between  ionization  and  attachment 
frequencies  is  positive  inside  tlie  streamer. 

The  conductivity  in  medium  part  of  the  filament  at 
resonance  moment  is  enou^  for  the  skin  layer  to  be 
less  than  filament  radius.  R  is  the  necessary  condition 
for  hi^  enough  quality  of  a  resonant  vibrator.  But 
conductivity  on  the  streamer  head  is  relatively  small,  it 
is  less  than  a)/47t. 

The  calculated  discharge  filament  veloci^  and  length 
are  similar  to  that  observed. 

After  resonance  achivement  the  filament  does  not 
grow  but  heating  continues.  The  temperature  grows 
to  2-r3  eV  along  whole  filament.  The  temperature  rises 
slowly  vdien  the  wave  field  is  undercritical,  so 
isobaric  s^proximation  is  applicable. 

4.Di«cus8ion 

The  real  phenomena  is  much  more  complicated  than 
the  model.  The  question  about  streamer  radius  remains 
to  be  open.  In  frame  of  usual  plasma  hydrocfynamics 
one  can  suggest  that  the  streamer  head  radius  is 
defined  by  necessary  field  growth  at  the  streamer  head 
but  it  can  not  be  less  than  ionization  avalanche  front 
depth  [7].  Ih  a  real  discharge  there  are  many  filaments. 
Their  ciarents  influence  one  another.  The  filament 


placed  nearer  to  the  wave  radiation  source  has 
advantage  and  shields  the  filaments  situated  farther 
from  the  source.  The  shielding  effect  limits  the  life 
time  of  a  filament  after  arising  of  the  next  one. 


0  1  2  5 


Z,  cm 

Fig.  2.  The  distributions  along  filament  axis  in 
resonance  moment  t=l  3  mks. 

log(4iio/a))-solid,  (Vj-Vj^/v*, -dot.  E-dash,  N/No-dadot 
line. 

The  developed  UHF  streamer  model  will  be  used  for 
more  detail  stu<fy  of  streamer  behavior  at  any 
conditions. 

I  bring  my  thanks  to  Dr.  L.P.GraGhov  and  Dr.  LIEsakov 
for  useful  discussions. 
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Introduction 

A  charge  -  up  process  on  photo  semiconductor  sui&cesfix’ 
laser  pdnter  and  eletno-photogi^t^  is  generally  used  for 
negative  corona  discharge ,  but  the  negative  corona  charger 
encounters  more  ozone  formation  than  that  obtained  during 
application  of  a  positive  corona.  However,  the  sensitivity 
of  the  photo-semiconductor  is  not  sufficient  for  the  positive 
corona ,  so  one  must  use  the  negative  corona  To  solve 
these  problems  ,  recently  we  repotted  the  development  of 
new  type  corona  charger  which  has  strongly  restrained  the 
ozone  production  by  using  of  catalyst  coated  teating  wire 
electrode  [1] . 

In  general,  becaise  of  the  criteria  of  environment  about 
the  waste  gas  control  througha  discharge  system,  we  need 
to  reduce  the  concentration  of  residual  ozone  in  the 
exhaisted  gas  to  the  ambiance.  For  example,  the  waste 
gas  exhausted  fiom  a  biodegradation  system  of  home 
pedsh^le  dust  contain  important  concentrations  of 
ammonia  gas  that  is  main  reason  of  its  smell.  So,  we  tried 
to  much  ozone  production  or  bi-producted  NOx  by 
applying  the  new  ^pe  corona  charger. 

In  the  corona  discharge,  ozone  is  produced  in  the  region 
of  the  center  wire  electrode;  this  phenomenon  has  been  well 
studied.  The  oxygen  atom  formation  reaction  (IJproduces 
the  ozone  in  the  next  reaction  (2) . 

02+e  -»•  20 +  e  (1) 

0  +  02  +  M-*03+M  (2) 

The  main  reaction  of  ozone  formation(2)h®  a  negative 
acUvation  energy,  so  the  amount  of  ozone  shall  be 
decreased  with  ascending  temperature  of  center  wire 
electrode. 

If  the  surfece  of  the  wire  electrode  is  covered  with  ozone 
dissociating  catalyst,  also,  the  catalystic  reaction  occurs  on 
tte  center  electrode.  So,  it  is  expected  that  the  ammonia 
dissociation  reaction  will  be  prior  to  the  ozone  formation 
reaction  in  the  discharge  zone. 

Experimental 

A  corona  discha^e  tube  has  a  fine  wire  electrode 
(SOmicrometer  radius)  of  tungsten  in  the  center  of  stairdess 
tube  of  2.2cm  diameter.  In  fig  1,  a  circuit  for  replying 
continuous  voltage,  for  heating  of  the  fine  wire  and  for 
measurement  of  wire  temperature  is  shown. 

Heating  of  the  wire  is  done  by  direct  current.  Wire 
ternperature  was  measured  fiom  the  change  of  wire 
resistance  ,  which  was  analyzed  in  a  bridge  circuit .  The 


bridge  cinmit  and  heating  dicuit  was  sqrarated  by  a 
blocking  condenser. 

Sample  gases  are  air  and  NH3  mixed(100ppm)  dr: 
Ozone  concentration  was  measured  by  the  KI  titration 
method,  the  low  rate  of  air  was  600cm*min NH3 
concentration  measurement  was  done  by  the  detection 
tube(Gas-Tech  Corporation).  Tungsten  corona  wire  tengtii 
was  22Smm;  inner  diameter  of  tube  electrode  was  22mm. 

Results  and  Discussiort 

Fig2  shows  the  ozone  yield  as  a  imetion  of  disdiaige 
current  of  negative  corona.  This  means  the  ammintg  of 
ozone  formation  are  directly  proportional  to  the  HigdiaigP! 
current  It  is  clear  that  the  ozone  yields  are  decreased  with 
increasing  of  the  wire  temperature  and  coating  of  catalyst  on 
the  wire  surfoces. 

Fig  3  shows  the  ozone  yidd  as  a  fimetion  of  disdiaige 
current  of  positive  is  like  as  in  the  negative  corona,ozone 
corrcentration  level  is  much  larger  than  in  positive  corona. 
The  difi&rent  dfidency  between  the polarites  is  maybe 
attributed  to  the  difforence  of  cross  section  areas  of dischar;^ 
zone.  In  the  case  of  positive  corona,  the  electrons  formed  at 
tlrc  edge  of  discharge  zone,  which  is  close  to  the  center 
positive  electrode  are  swarming  to  the  electrode  and  change 
quickly.  On  the  contrary,  in  negative  corona,  all  of 
electrons  are  going  to  outer  electrode  which  is  fir  from  the 
discharge  zone.  Then,  the  reaction(l)  is  fester  than  that  in 
positive  corona. 

Fig4  shows  reduction  rale  of  NH3  as  a  fimetion  of 
discharge  currenL  On  the  reduction  efficiency,  a  negative 
corona  has  a  value  about  twice  as  high  as  that  of  positive 
corona.  But,  in  the  ozone  formation  rate ,  a  negative  corona 
has  a  value  about  ten  times  fester  than  that  of  in  positive 
corona.  So,  the  ratio  ofozone  formation  to  reduction  rate  of 
NH3  is  much  bdter  in  positive  corona.  Thus  we  need  low 
concentration  ofozone  in  waste  gases. 

Fig5  shows  NOx  yield  vs.  discharge  current  .  In  the 
case  of  positive  corona,  NOx  concentration  is  rapidly 
irKaease  with  increasing  of  current.  On  the  other  hanri,  in 
the  negative  corona  ,  we  have  no  NOx  formation.  So, 
There  is  some  antagonistic  advantage  between  ozone 
formation  and  NOx  reduction  rate. 

In  conclusion,  catalyst  coated  heating  wire  corona 
discharge  system  is  able  to  reduce  NHj  ftom  waste  air . 

[IJOkazakr,  MKogoma,  T.lnomata,  Proceedings  of 
HAKONE  V,  p.283(1996)  Milovy.Czch  Republic 
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Fig.  1  Schematic  of  corona  discharge  apparatus 


Current/mA 


Fig.2  O3  yields  vs.  discharge  current 
(negative  corona) 


Current/mA 

Fig.3  O3  yields  vs.  discharge  current 
(positive  corona) 


p*  /1XITT  J  •  VxUllCIIl/lll/A 

ig.4  NH3  reduction  rate  vs.discharge  current  Fig.5  NOx  yields  vs.current 
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Introduction 

The  delay  between  the  application  of  a  DC  high  voltage 
on  an  electrode  gap  and  the  electrical  breakdown  of  a  gas 
may  generally  be  divided  into  two  principal  components; 
statistical  delay  time  and  formative  time  lag.  The  former 
is  the  time  necessary  for  appearance  of  the  first  electron, 
which,  accelerated  by  the  electric  field,  will  give  rise  to 
successful  series  of  electronic  avalanches.  The  latter  is 
the  time  interval,  which  is  needed  to  develop  a  selfsus- 
tained  discharge  from  that  initial  electron. 

Due  to  the  stochastic  nature  of  the  appearance  of  the 
first  electron,  discharge  delay  time  is  also  random.  The¬ 
ory  [1,2]  predicts  an  exponential  probability  density  func¬ 
tion  for  breakdown  delays  if  formative  time  lag  is  ne¬ 
glected.  In  this  work,  direct  observation  of  both,  statis¬ 
tical  and  formative  time  lags  is  presented. 

A  discharge  may  change  the  probability  of  the  next 
breakdown,  as  shown  in  [3]  for  argon  and  stainless  steel 
electrodes.  Comparable  results  are  here  presented  for  he¬ 
lium  gas  and  aluminium  electrodes,  thus  suggesting  that 
this  phenomenon  is  common  to  breakdown  experiments. 

Experimental 

All  measurements  are  done  using  a  pyrex  discharge  tube 
(inner  diameter  2  cm)  with  two  circular  ( 1 .4  cm  diameter) 
aluminium  electrodes  (interelectrode  distance  2  cm).  The 
working  gas  (helium)  flows  through  the  discharge  tube 
at  30  scem/min  (controlled  using  a  mass  flowcontroller). 
The  temperature  and  pressure  of  the  gas  are  300  K  and 
4  torr,  respectively. 


Figure  1:  Experimental  setup:  FC  flowcontroller,  RP  ro¬ 
tary  pump,  HV  high  voltage  supply,  SW  switch,  PC  com¬ 
puter,  OF  optic  fiber,  PM  photomultiplier. 


The  cathode  is  grounded  and  the  anode  is  driven  by  a 
high  voltage  supply  (C/=600  V)  through  a  load  resistance 
and  a  fast  (computer  controlled)  solid  state  high  voltage 
switch.  Onset  of  the  discharge  is  detected  using  an  optic 
fiber  and  a  photomultiplier. 

The  time  interval  T  between  the  rising  edge  of  the 
voltage  on  the  anode  and  the  electrical  breakdown  of  the 
gas  is  measured  with  a  precision  of  1  /is.  The  discharge 
is  switched  off  after  a  predefined  time  Tj.  To  obtain  sta¬ 
tistically  significant  data,  the  measurements  are  repeated 
{N  fn  10^  to  10^)  with  fixed  period  TJep. 


Figure  2:  Schematic  drawing  of  signals:  a)  switch  com¬ 
mand  b)  discharge  current  c)  voltage  on  anode. 


Results 

The  breakdown  delay  time  T  is  measured  for  several  rep¬ 
etition  rates  (rrep=10  to  50  s)  and  different  discharge  du¬ 
rations  (T,i=50  to  1200  fjs).  For  long  discharge  durations 
(7)/  pa  1  ms),  probability  density  function  of  breakdown 
delay  times  T  has  a  shape  as  shown  in  Fig.3.  The  result¬ 
ing  curve  is  interpreted  as  a  combination  of  two  effects: 
a  slow  exponential  fall  due  to  the  statistical  delay  time  T, 
and  a  rapid  growth  near  the  value  of  the  formative  time 
lag  Tf.  The  values  are  found  to  be  7^  sa  22.5  //s  and  Tf  Pa 
87  /IS. 

For  short  discharge  durations,  apparently  different  re¬ 
sults  are  obtained,  as  shown  in  Fig.4.  The  rising  part  of 
the  probability  density  function  is  totally  hidden  by  the 
decreasing  exponential,  which  extends  to  much  higher 
discharge  delay  times.  By  fitting  the  exponential,  one 
finds  7]  p»  283 12 //s. 

This  type  of  curve  is  comparable  with  previous  re¬ 
sults  for  argon  and  much  longer  repetition  rates,  as  may 
be  found  in  [4]. 
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In  Rg.5,  average  discharge  delay  T  versus  discharge 
duration  is  plotted  for  three  repetition  rates  TJep.  For 
longer  TJep  between  measurements,  average  discharge  de¬ 
lay  T  is  more  sensitive  to  variations  of  Ta-  For  short  Tj  it 
tends  to  be  linear  in  loglogplot,  i.e.  T  « 

Conclusions 

TWo  factors  have  an  influence  on  statistical  delay  time 
of  the  breakdown:  (i)  initial  electronic  current  near  the 
cathode  and  (ii)  probability  that  the  discharge  will  evolve 
from  one  initial  electron.  The  it*  discharge  may  change 
both  the  number  of  charged  particles  remaining  in  the 
tube  and  the  state  of  the  cathode  surface  for  measurement 
t-l- 1.  The  lifetimes  (i)  of  charged  particles  in  volume 
due  to  recombination  and/or  diffusion  and  (ii)  of  excited 
states  in  gas,  are  much  shorter  than  repetition  rates  of  our 
experiment  (up  to  50  s).  One  thus  can  conclude  that  a  dis¬ 
charge  modifies  the  “state”  of  the  surface  of  the  cathode 
and  consequently,  the  probability  of  the  next  breakdown. 
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Figure  3:  Probability  density  function  of  T  for  7Jep=10  s 
and  7(7=800  ps. 


Figure  4:  Probability  density  function  of  T  for  7Jep=10  s 
and  7j=50  ps. 


Figure  5:  Dependency  of  average  discharge  delay  T  on 
7(7  for  various  7rep 
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Two-dimensional  numerical  simulation  have 
shown  recently  that  positive  streamer  in  strong  uni¬ 
form  external  field  quickly  accelerates  and  exhibit 
expansion  in  radial  direction  [1,2].  Both  effects  were 
detected  in  nitrogen  with  small  admixture  of  O2  [1] 
and  in  air  [2]. 

The  simulations  [1,2]  were  made  for  STP  condi¬ 
tions  and  for  uniform  Laplacian  field  50  kV /cm.  The 
results  display  that  in  1-cm  gap  streamer  reaches  ve¬ 
locity  of  the  order  4  x  10®  cm/s,  which  is  far  above  the 
drift  velocity  of  electrons  in  the  peak  field  at  the  tip 
of  the  streamer.  Rapid  (exponential  in  time)  accel¬ 
eration  is  accompanied  by  the  exponential  expansion 
of  streamer  head  in  radial  direction.  In  this  report 
the  physical  mechanism  which  is  responsible  for  both 
effects  is  described. 

To  clarify  the  physics  of  these  effects  2D  simula¬ 
tions  of  cylindrically  symmetric  streamer  in  air  in 
1-cm  gap  under  applied  voltages  Vo  40,  50  and  60 
kV  have  been  performed.  Streamer  dynamics  was 
described  within  the  scope  of  diffusion-drift  model 
(see  details  in  [2]). 

Streamer  was  initiated  by  a  small  initial  plasma 
spot  at  the  anode.  Air  pressure  was  760  Torr,  tem¬ 
perature  300  K.  Fig.l  shows  electron  density  coa- 
tour  lines  for  each  voltage  when  streamer  length  was 
about  0.7-0. 8  cm.  It  is  seen  that  expansion  occurs 
faster  in  a  higher  Laplacian  field. 

A  comparison  of  the  rates  of  the  processes  have 
shown  that  photoionization  is  essential  only  at  the 
early  stage  of  streamer  formation.  Streamer  behaves 
as  a  flash  lamp:  it  produces  photoelectrons  in  the 
gap  at  the  early  stage  of  its  formation,  and  then  these 
electrons  are  multiplied  in  ionizing  collisions. 

The  analysis  of  structure  of  streamer  head  shows 
that  streamer  advancement  occurs  in  accordance 
with  the  mechanism  offered  by  Loeb  [3]:  a  new  seg¬ 
ment  of  streamer  is  created  due  to  avalanche  ioniza¬ 
tion  in  a  thin  space  charge  layer.  In  this  ionization 
domain  (ID)  ionization  dominates  other  processes 
and  exponential  growth  of  plasma  density  occurs  un¬ 
til  time  of  maxwellian  relaxation  becomes  compara¬ 
ble  with  the  ionization  time.  Then  newborn  plasma 
“pushes  out”  electric  field  towards  the  direction  of 
propagation  and  the  process  continues. , 

Analysis  of  simulation  results  shows  that  ID  is 


a  region  where  electron  density  no  ~  10^^  cm“® 
is  converted  to  the  density  in  the  streamer  channel 
n,  ~  cm“®  during  a  fixed  time  interval  (numer¬ 
ical  values  are  related  to  the  air  under  STP).  Thus  it 
is  reasonable  to  assume  that  the  current  position  of 
the  contour  line  no(r,  2)  ahead  of  streamer  coincides 
with  the  outer  border  of  the  ID. 

The  main  idea  of  the  proposed  mechanism  is  that 
position  of  no  contour  is  defined  by  exponential 
growth  of  primary  photoelectrons  in  the  gap  and  the 
shape  of  the  streamer  head  coincides  with  the  cur¬ 
rent  position  of  the  contour  line  no(r,  2).  Consider 
temporal  evolution  of  axial  profile  of  primary  photo¬ 
electrons  Uphiz).  In  strong  field  this  profile  exhibit 
exponential  growth  in  the  undisturbed  field.  The 
point  no  moves  towards  the  cathode,  and  the  veloc¬ 
ity  of  this  point  is  streamer  velocity. 

Evidently,  this  velocity  depends  on  the  shape  of 
the  curve  nph(z)  (2  =  0  is  placed  at  the  cathode). 
Let  nph(2)  decreases  towards  the  cathode  as  a  power 
of  distance  from  the  anode 


nph{z)  =  no 


z  <  d  —  e 


where  cr^  being  characteristic  scale  of  the  curve,  d 
is  the  distance  between  electrodes.  Then,  as  time 
progresses,  this  profile  exhibit  exponential  growth  in 
undisturbed  field 


^p/i(^jf)  —  no 


exp 


where  tq  being  time  of  ionization  in  Laplacian  field 
Eo  =  Vo/d.  Axial  position  2(no)  is  derived  from 


and  hence  the  velocity  of  this  point  is 


Vs 


d(d-z) 

dt 


(Zz 

- exp 

mro 


(1) 


that  is  exponentially  increases  with  time.  Note  that 
characteristic  time  of  velocity  growth  is  m  times 
more  than  the  time  of  ionization  tq.  The  motion 
of  the  point  2(710)  is  illustrated  in  Fig. 2. 
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The  velocity  (1)  does  not  depend  on  Ug.  This 
means  that  all  values  of  Ug  move  towards  the  cathode 
with  the  same  velocity.  Hence,  to  verify  this  mech¬ 
anism,  motion  of  relatively  low  level  of  Ug  which  is 
not  affected  by  the  space  charge  field  should  be  ‘mea¬ 
sured’  in  numerical  simulation. 

Fig. 3  shows  the  velocity  of  the  point  ng  =  10® 
cm"®  and  the  streamer  velocity  (i.e.,  the  velocity 
of  the  peak  field)  for  the  three  voltages.  It  is  seen, 
that  the  mechanism  described  explaines  exponential 
growth  of  velocity.  We  note  that  in  all  cases  stream¬ 
er  moves  faster  than  do  the  point  ^(10®).  Evidently, 
this  additional  acceleration  is  related  to  the  space 
charge  field  of  the  streamer  head,  which  provides  ad¬ 
ditional  growth  of  electron  density  ahead  of  the  tip. 

Due  to  ionization  growth  the  contour  no  =  10^® 


cm"®  is  expanded  in  radial  direction  and  the  profile 
of  streamer  head  follows  this  expansion.  This  mech¬ 
anism  also  clarify  the  formation  of  positive  streamers 
in  nonuniform  fields.  Around  stressed  electrode  there 
is  a  zone,  where  field  is  high  and  streamer  formation 
occurs  in  accordance  with  the  mechanism  of  expo¬ 
nential  growth.  When  crossing  this  region  stream¬ 
er  accelerates  and  expands.  Then  in  the  low  field 
streamer  moves  with  the  constant  radius,  which  was 
established  in  the  high  field  region. 

[1]  A.A.Kulikovsky:  J.Phys.D:Appl.Phys.  28  (1995) 
2483 

[2]  A.A.Kulikovsky:  J.Phys.DiAppl.Phys.  30  (1997) 
(To  be  published). 

[3]  L.B.Loeb:  Science  148  (1965)  1417 
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Figure  1:  Positive  streamer  in  air  in  1-cm  gap  for  three  applied  voltages:  40,  50  and  60  kV.  Shown  are  electron 
density  contour  lines  10“  cm"®,  10“  10“  and  so  on.  In  all  cases  the  outermost  level  is  10“  cm"®. 


Figure  2:  Power  function  of  distance  z  exponentially 
increases  with  time.  The  position  of  a  given  func¬ 
tion  value  moves  towards  the  cathode  and  acceler¬ 


ates.  =  10“((1.1  -  2)/0.1)  ®exp(<).  Time 

moments  t  are  shown  above  each  curve. 


Figure  3:  Comparison  of  streamer  velocity  obtained 
from  the  sumulation  (solid  lines)  with  the  velocity 
of  motion  of  the  level  Ug  =  10®  cm"®  towards  the 
cathode  (points). 
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1.  Introduction 

In  our  recent  studies  [1,2]  on  negative  corona  in  an  air 
flow,  Trichel  pulses  were  triggered  by  the  radiation  of  a 
deuterium  lamp  of  quasicontinuous  spectrum  (215  -  400 
nm)  and  of  low  intensity  (input  power  <  20  W).  The 
experiments  were  carried  out  in  a  4  cm  point-plane  gap. 
In  these  experiments  the  repetition  rate  (RR)  of  Trichel 
pulses  was  at  every  voltage  adequately  related  to  the 
intensity  of  UV  light:  the  increase  of  intensity  causes  the 
increase  of  RR.  The  corresponding  dependence  is 
sublinear:  \\hile  the  intensity  increases  the  slope  of  the 
dependence  diminishes  gradually.  A  problem  arises: 
does  the  fiirther  increase  of  intensity  lead  to  the 
saturation  of  the  dependence,  i.e.  does  RR  become 
independent  on  the  intensity  of  UV? 

At  this  paper  the  results  of  the  experiments  with  a 
quasimonochromatic  light  source  of  considerably  higher 
intensity  are  presented. 

2.  Experimental 

The  pulse  mode  of  DC  negative  corona  (Trichel  pulses) 
is  studied  in  a  dust-free  air  flow.  The  rate  of  the  air  flow 
is  «4  m/s.  The  pressure,  relative  humidity  and 
temperature  are  recorded.  It  is  possible  to  change 
temperature  in  the  limits  of  20®-35°C.  Experiments  in  an 
air  flow  allow  to  diminish  the  influence  of  any  possible 
accumulation  process  in  the  gas  medium  to  the 
characteristics  of  discharge.  The  discharge  chamber  is 
an  aluminum  cylinder  of  iimer  diameter  of  8  cm.  The 
axis  of  the  point-plane  discharge  gap  coincides  with  that 
of  the  cylinder.  The  gap  spacing  is  1  cm,  the  point 
electrode  is  a  hemispherically  capped  Pt  wire  of 
diameter  of  1  mm.  The  plane  electrode  is  a  brass  disk  of 
diameter  of  5  cm,  the  central  part  of  anode  is  brass  grid 
of  small  mesh  size.  The  plane  electrode  is  stressed.  The 
stabilized  power  supply  allows  the  voltage  to  be  varied 
with  the  smallest  step  of  10  V.  The  gap  is  illuminated  in 
two  different  ways:  (i)  the  light  collected  by  a  quartz 
lens  is  directed  along  the  gap  axis  through  the  anode 
aperture  and  focused  at  the  point  surface;  (ii)  the  beam 
is  directed  perpendicularly  to  the  gap  axis,  it  is  possible 
to  focus  it  at  any  point  of  the  gap.  In  all  cases  (if  not 
mentioned  otherwise)  (i)  is  used.  The  light  source  is  an 
excimer  lamp  (X  =  308  nm)  excited  by  a  HF  (27  MHz) 
discharge.  The  maximum  intensity  of  the  focused  beam 
is  200  pW/cm^.  With  the  calibrated  grids  and 
diaphragms  it  is  possible  to  change  the  light  intensity 
nearly  by  three  orders  of  magnitude.  It  is  possible  to 
record  simultaneously  the  mean  current  of  discharge  and 


the  RR  of  Trichel  pulses.  Every  point  of  the  RR 
presented  in  the  figures  is  a  niean  value  of  at  least  ten 
measurements. 

3.  Results 

When  the  Trichel  pulses  are  noninitiated  (i.e.  UV  radia¬ 
tion  is  missing  during  of  the  recording  of  the  RR),  the 
onset  depends  on  the  prehistory  of  the  discharge  gap.  If 
the  point  electrode  is  not  influenced  neither  by  UV 
radiation  nor  by  discharge  for  a  long  time  (20  hours),  the 
corona  pulses  start  at  9.9  kV.  In  the  case  of  the 
temperature  and  the  pressure  of  the  gas  being  the  same 
but  the  point  being  previously  radiated  by  UV  during 
half  an  hour,  the  onset  of  noninitiated  pulses  lowers  to 
9.7  kV.  Near  the  onset  the  RR  of  noninitiated  pulses  is 
low:  it  changes  from  0.2  pps  at  9.7  kV  to  60  pps  at  9.9 
kV.  For  comparison:  for  pulses  initiated  by  the  UV  of 
maximum  intensity  the  RR  is  6600  and  15000  pps, 
respectively.  The  RR  of  Trichel  pulses  as  a  function  of 
the  UV  intensity  for  the  different  voltages  U  and  for  the 
temperature  20.3®C  is  presented  in  Fig.l.  There  are  no 
qualitative  differences  between  the  curves  presented  and 
those  recorded  for  4-cm  gap  and  described  in  Introduc¬ 
tion,  but  the  values  of  RR  differ  considerably:  the  RR  of 
Trichel  pulses  initiated  by  the  faint  source  was  always 
less  than  3000  pps.  At  the  constant  voltage  RR  varies  in 
narrow  limits.  Even  at  low  values  of  RR  which  corre¬ 
spond  to  the  very  weak  intensities  of  initiating  radiation, 
Trichel  pulses  have  a  regiilar  character:  the  error  bars  in 
Fig.2  present  the  standard  deviation  of  15  recordings. 
Such  a  stability  of  noninitiated  Trichel  pulses  is  never 
observed  at  so  low  values  of  RR. 


Figure  1.  The  repetition  rate  of  Trichel  pulses  as  a 
function  of  UV  intensity 
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In  the  case  of  other  parameters  being  fixed,  the  small 
changes  of  temperature  lead  to  large  changes  of  RR.  For 
more  detailed  study  of  the  phenomena  the  dependence 
of  RR  on  temperature  is  recorded  vvdiile  keeping  the 
production  UT  (T  -  abs.  temperature)  constant.  As  the 
pressure  is  constant,  the  reduced  field  E/N  «  UT  and  the 
constancy  of  UT  means  the  constancy  of  E/N  as  well. 
Consequently,  if  RR  was  determined  only  by  ionization 


Figure  2.  The  repetition  rate  as  a  function  of  UV 
intensity  for  lower  intensities 

processes  in  the  gas  medium,  RR  would  be  independent 
on  temperature.  The  curves,  presented  in  Fig.  3  are 
corresponding  to  different  values  of  E/N,  at  E/N  =  const 
RR  is  changing  -  to  higher  voltages  (as  UT  -  const) 
higher  values  of  RR  correspond.  So  RR  is  dependent 
rather  on  the  field  E  than  on  the  reduced  field  E/N. 

If  the  gap  is  radiated  by  an  IR  radiation  (X,  =  1  -  3  pm), 
RR  is  almost  the  same  as  in  the  case  of  noninitiated 
pulses.  But  the  simultaneous  action  of  UV  and  IR 
radiations  causes  the  changes  of  the  RR.  The  temporal 
changes  are  presented  in  Fig.  4.  As  the  experiments  take 
place  in  an  air  flow  the  observed  comparatively  slow 
changes  of  RR  must  be  caused  by  the  cathode  processes. 
The  interaction  of  UV  radiation  with  the  gas  medium 
does  not  change  the  RR:  if  the  radiation  is  directed 
perpendicularly  to  the  gap  axis  and  it  does  not  hit  the 
point,  no  remarkable  changes  of  RR  are  observed. 


Figure  3.  The  repetition  rate  of  corona  pulses  as  the 
function  of  temperature,  for  every  curve 
E/N=const 


Figure  4.  The  temporal  changes  of  the  repetition  rate 
caused  by  IR  radiation 

4.  Discussion 

Experiments  carried  out  at  a  certain  voltage  confirm  that 
RR  is  controlled  by  UV  radiation  in  a  wide  range  of 
intensities.  On  the  other  side:  it  is  stated  that  the  RR  is 
determined  by  the  space-charge  field  of  negative  ions. 
At  first  glance  there  is  no  contradiction  between  the 
present  experiment  and  the  statement:  under  the 
influence  of  UV  electrons  may  be  detached  and  so  the 
radiation  changes  the  RR  But  there  is  a  contradiction: 
the  changes  of  RR  take  place  only  v\dien  the  radiation 
hits  the  point  electrode,  i.  e.  the  interaction  of  UV 
radiation  with  the  gas  medium  does  not  change  the  RR 
So,  at  a  certain  voltage  the  emission  of  the  point  controls 
RR  The  latter  assumption  is  supported  by  curves  in 
Fig.3:  if  the  processes  in  the  gas  were  dominating  then 
the  curves  would  be  as  straight  lines  parallel  to  x-axis. 

It  is  hard  to  explain  the  emission  by  a  simple  photoefifect 
mechanism  as  there  is  a  strong  dependence  on 
temperature.  Besides,  the  influence  of  IR  radiation  to 
RR  is  most  likely  also  the  effect  of  temperature:  the 
step-like  switch-on  of  IR  (Fig.  ■  4)  causes  the  slow 
increase  of  RR.  The  experiments  are  carried  out  in  an  air 
flow.  For  this  reason  the  IR  radiation  is  not  able  to  warm 
up  the  gas  and  the  observed  temporal  increase  of  the  RR 
can  be  explained  only  by  the  increase  of  point 
temperature. 

So  it  may  be  concluded  that  RR  at  a  certain  voltage  is 
determined  by  the  cathode  emissivity  and  UV-induced 
emission  depends  strongly  on  temperature. 

A  more  detailed  discussion  and  links  with  other  similar 
experiments  are  presented  in  [2]. 
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1.  Introduction 

It  is  well  known  that  under  open-air  conditionsne^aftvg 
point-to-plane  corona  discharges  start  as  Trichel  pulses, 
which  at  high  currents  turn  into  a  pulseless  glow.  This 
corona  form  occurs  in  all  O2-N2  mixtures  at  atmospheric 
pressure  and  even  well  below.  The  current-voltage 
ranges  where  these  corona  forms  exist  vary  with  the  gas 
pressure  and  composition  [1].  Negative  coronas  will  not 
be  treated  here. 

In  the  case  of  positive  potential  at  the  point  electrode, 
the  corona  in  air  starts  at  the  corona  threshold  voltage 
with  burst  pulses,  which  probably  are  just  trains  of 
avalanches  coupled  through  gas  photoionization.  At  a 
little  higher  applied  voltage  pre-onset  streamers  occur 
together  with  these  pulses.  With  increasing  voltage  the 
rate  of  pre-onset  streamers  increases,  and  then  decreases 
to  zero  at  the  onset  of  steady  burst  pulse  corona  or  glow. 
At  still  higher  overvoltages  streamers  again  appear, 
concurrent  with  a  background  of  steady  positive  glow. 
Now  they  are  called  pre-breakdown  streamers.  They  are 
more  powerful  than  pre-onset  streamers,  and  their  length 
and  number  per  unit  time  increase  with  the  voltage.  If 
some  of  them  reach  the  plane  electrode,  a  spark 
breakdown  may  follow.  This  is  the  general  sequence  of 
discharge  phenomena  in  the  case  of  positive  corona  in 
atmospheric  air  [1]. 

This  positive  corona  sequence  in  air  can  be  modified  by 
changing  the  geometry  of  the  discharge  gap,  the 
ionization  level,  air  humidity,  or  the  content  of  electro¬ 
negative  impurities.  For  instance,  if  one  in  dry  air  has  a 
point  electrode,  like  a  wire  with  a  hemispherical  tip,  and 
an  external  ionization  source  like  UV  radiation  of 
sufficient  intensity,  then  the  pre-onset  streamers  (and 
even  pre-breakdown  streamers)  may  not  occur  at  all. 
The  burst  pulses  then  grow  with  increasing  voltage 
straight  into  a  steady  burst  pulse  corona.  At  higher  over¬ 
voltages,  already  the  first  pre-breakdown  streamer  may 
launch  the  spark  breakdown. 

In  other  cases,  with  rod  points  with  a  sharp  conical  end, 
the  burst  pulses  are  too  weak  to  occur  and  to  prevent  the 
streamers  to  develop.  The  corona  starts  in  this  case  with 
streamers,  and  their  length  and  number  per  unit  time 
increase  with  the  voltage  till  they  bridge  the  discharge 
gap.  Finally  one  of  the  streamers  may  initiate  the 
breakdown,  i.e.,  develop  into  a  spark  and  then,  an  arc. 

For  short  gaps  the  pre-onset  streamers  themselves  can 
bridge  the  gap  and  launch  the  breakdown  (breakdown 


type  I).  If  one  somehow  escapes  this  and  manages  to 
move  into  the  voltage  region  of  the  steady  burst  pulse 
corona  in  a  short  gap,  then  the  breakdown  could  be 
reached  either  by  decreasing  the  voltage  (breakdown 
type  I)  or  by  increasing  it  (breakdown  type  II)  [1]. 

One  comment  is  needed  in  connection  with  the  term 
“steady  burst  pulse  corona”.  As  Beattie  [2]  has  shown, 
this  is  often  not  a  steady  corona,  but  may  exhibit  high 
frequency  oscillations  in  its  luminosity  and  current 
These  oscillations  may  be  very  regular,  or  modulated 
and  fluctuating.  Thus  the  designation  “steady  burst  pulse 
corona”  may  be  a  better  name  than  the  synonymously 
used  “pulseless  glow”,  “steady  glow”  or  “Hermstein’s 
glow”. 

2.  Experimental 

We  have  studied  the  positive  point-plane  corona  in  O2- 
N2  mixtures  over  wide  ranges  of  composition  and 
pressures.  The  stainless  steel  “point-electrode”  had  a  1 
mm  diameter  shaft  ending  in  a  1.5  mm  diameter  sphere. 
The  plane  electrode  was  a  stainless  steel  plate  with  a  5 
mm  diameter  circular  probe  in  its  centre.  The  gap  length 
was  6.05  mm.  The  mean  currents,  Ij  to  the  probe  and  I2 
to  the  surrounding  plate,  were  measured  with  two  light 
spot  galvanometers.  The  gap  voltage  was  measured 
directly  using  a  digital  multimeter  (Fluke  77)  with  a 
Fluke  1000  M£2  voltage  probe.  The  current 

oscillogrammes  have  been  recorded  with  a  Tektronix 
digital  oscilloscope  TDS  540. 

The  discharge  gap  was  mounted  in  a  metal  vacuum 
chamber.  The  gases  we  used  were  O2  and  N2  of 
technical  purity.  The  discharge  chamber  was  pumped  to 
about  10'  Pa  and  filled  with  the  desired  content  of  O2. 
N2  was  then  added  to  get  a  mixture  at  near  atmospheric 
pressure.  Then  a  positive  DC  voltage  was  applied  to  the 
point  electrode  and  increased.  The  onset  voltages  of  the 
different  discharge  phenomena  were  registered  together 
with  their  mean  currents  and  the  current  wave  forms. 
Then  the  pressure  was  lowered  without  changing  the 
gas,  and  the  procedure  repeated  until  reaching  about  1 
kPa.  The  content  of  O2  in  the  O2-N2  mixtures  was  varied 
from  zero  to  100  %. 

3.  Results 

Our  measurements  show  that  in  all  O2-N2  mixtures  with 
more  than  1%  O2  usually  the  same  discharge  forms 
occur  as  in  air  at  atmospheric  pressure.  For  mixtures 
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with  less  than  1%  O2  a  new  discharge  form  is  added  to 
the  menagerie:  A  real  pulseless,  spiked  glow,  without 
any  oscillations  in  luminosity  or  current.  The  light  of 
this  corona  mode  is  concentrated  in  a  conical  column 
protruding  from  the  point  electrode  surface  like  a  spike. 
At  higher  currents  even  two  or  three  spikes  may  be  seen. 
A  pulseless  glow  has  also  been  seen  by  Korge  et  al  [3], 
but  that  was  in  extremely  pure  nitrogen.  In  that  case  the 
discharge  occured  like  a  luminous  channel  bridging  the 
whole  gap  of  4  cm  length.  Most  probably  the  nature  of 
both  these  phenomena  is  the  same. 

The  “living  places”  of  different  positive  point  discharge 
forms  are  best  visualized  by  pressure-voltage  diagrams. 
Such  diagrams  were  made  for  all  the  O2-N2  mixtures  we 
studied,  but  here  only  the  one  for  0.3%  O2+N2  is  shown 
in  figure  1.  More  will  be  presented  at  the  conference. 


Figure  1.  Pressure- voltage  diagram  of  0.3%  O2+N2 

The  lower  the  content  of  O2  in  the  O2-N2  mixture,  the 
larger  the  area  occupied  by  the  pulseless  glow  in  the 
pressure-voltage  plane.  In  pure  nitrogen  we  did  not  find 
any  steady  burst  pulse  corona  with  oscillations  at  all.  If 
the  O2  content  exceeds  about  1%,  the  pulseless  glow  do 
not  exist  anymore. 

4.  Discussion  and  concluding  remarks 

Only  one  pressure-voltage  diagram  from  our  present 
extensive  survey  of  point-to-plane  corona  forms  in  O2- 
N2  matures  could  be  shown  in  this  short  paper. 
Nevertheless,  the  figure  illustrate  all  the  main  corona 
types  seen  in  the  survey,  of  course  including  the  hitherto 
unreported  steady  spike. 

The  mapping  of  discharge  types  presented  in  this  work 
is  a  necessary  part  of  our  long  lasting  search  for  the  true 
mechanisms  behind  the  oscillations  of  the  positive  glow 
corona. 


Why  are  most  positive  point-to-plane  coronas  unstable, 
and  what  types  of  instabilities  are  operating?  Three 
types  seem  to  be  relevant  for  the  surveyed  coronas: 

•  Quantization  fluctuations:  One  electron  entering  the 
corona  ionization  region  will  form  an  avalanche  of 
average  size  given  by  the  gas,  field  and  geometry. 
This  will  be  the  smallest  discrete  unit  of  charge 
transport  through  the  region.  Secondary  ionization 
processes  may  increase  this  minimum  charge 
package,  and  the  stochasticity  of  the  processes  tends 
to  give  them  an  exponential  (Furry)  size  distribution. 
Thus,  at  low  currents  all  discharges  will  consist  of 
pulses  of  fluctuating  size  and  intervals. 

•  Longitudinal  instabilities;  A  stochastic  current 
change  will  change  the  corona  space  charge 
distribution  in  such  a  way  that  the  current  change  is 
amplified.  This  positive  feedback  will  lead  to 
damped  and  undamped  oscillations  following  any 
current  disturbance.  This  is  the  mechanism  of  the 
initial  stage  of  Trichel  pulse  formation  in  negative 
coronas. 

•  Transvereal  instabilities:  Here,  a  stochastic  current 
density  increase  in  some  part  of  the  discharge  cross 
section  will  increase  the  efficiency  of  the  ionization 
processes  in  just  that  part,  and  lead  to  further  current 
density  increase  and  discharge  contraction.  The 
sudden  contraction  of  a  spread-out  positive  glow 
corona  into  a  streamer  is  one  example,  and  the  final 
rise  of  a  Trichel  pulse  is  another. 

All  combinations  of  the  above  instability  mechanisms 
are  possible. 

At  present  one  understands  the  quantization  fluctuations, 
and  has  a  fair  knowledge  about  what  causes  the  positive 
streamers.  In  contrast,  the  causes  of  the  longitudinal 
positive  glow  (or  Hermstein  glow)  oscillations  are  still 
unknown  to  us.  For  instance,  we  still  cannot  predict 
whether  the  addition  of  a  trace  gas  of  known  properties 
to  a  non-oscillating  positive  corona  in  argon  or  pure 
nitrogen  will  induce  oscillations  or  not.  We  expect, 
however,  that  further  experiments  and  computer 
simulations  will  produce  some  answers  in  time  for  the 
conference. 
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Introduction 

Dielectric  barrier  discharges  (DBD)  in  rare  gases  and  rare 
gas/halogen  mixtures  have  been  investigated  for  several 
years  because  of  their  application  as  UV-  or  VUV- 
radiation  source  in  many  technological  processes.  These 
discharges  exist  between  glass  covered  electrodes  at  a 
broad  pressure  range  and  are  often  described  by  the 
presence  of  large  statistically  distributed  micro  discharges 
(filaments)[l-3].  Excited  atoms  in  the  lowest  metastable 
and  resonance  state  of  the  rare  gas  play  an  important  role 
in  die  generation  process  of  excimers.  Iliey  are  the  starting 
point  for  many  reactions  including  neutral  rare  gas  atoms 
or  other  excited  species  for  producing  the  narrow  band 
incoherent  excimer  radiation.  This  paper  reports 
experimental  results  about  the  temporal  density  variation 
of  excited  species  of  Xe(^2)  nietastable  state  and  the 
Xe(^P,)  resonance  state  in  a  single  filament  of  a  DBD  in 
Xenon. 

Experimental  arrangement 

The  method  used  for  die  density  determination  was 
essentially  the  one  used  by  classic  absorption  experiments 
and  the  principle  arrangement  is  shown  in  Fig.  1.  The 
discharge  tube  for  tiie  generation  of  a  single  filament  was 
a  special  stainless  steel  chamber  with  two  glass  covered 
electrodes  (discharge  gap  1.5  mm)  and  a  gas  handling 
system.  One  of  the  electrodes  is  movable  for  the  variation 
of  the  electrode  distance.  The  gas  filling  pressure  was 
varied  from  20  torr  to  600  Torr.  We  generate  the  DBD  in 
die  chamber  by  means  of  sinusoidal  power  amplifier  and  a 
transformator  at  a  frequency  of  16  KHz.  Typical  voltages 
are  2-3  kV  (peak  to  peak)  and  discharge  currents  of  some 
mA.  Perpendicular  to  the  discharge  axis  the  chamber  has 
two  glass  windows  at  the  brewster  angle  for  determining 
the  density  of  excited  atoms  by  means  of  the  absorption 
mediod.  The  continous  radiation  of  a  diode  laser  is  focused 
on  the  discharge  gap  with  a  resolution  of  200  pm.  The 
diode  laser  with  a  spectral  width  of  less  than  hundred  MHz 
operates  at  the  central  wavelenght  of  the  optical  transition, 
\^ose  lower  level  should  be  investigated.  The  transmitted 
beam  through  the  discharge  gap  was  measured  with  a  fast 
photodiode  and  detected  by  a  digital  oscilloscope  (2G 
samples/s).  If  a  DBD  occurs  (typical  half  width  of  the 
current  pulse  is  about  10  ns)  in  a  half  wave  of  the 
sinusoidal  sustaining  voltage,  the  laser  radiation  is  partly 
absorbed  by  Xe  atoms  excited  to  the  metastable  level 
(823. 16  nm)  or  by  atoms  excited  to  the  lowest  resonance 
level  (828.01  nm). 

Results  and  discussion 

The  development  of  a  DBD  in  a  half  wave  of  the  applied 


sustaining  voltage  can  be  described  by  a  Townsend  phase, 
the  space  charge  wave,  the  streamer  phase  and  the 
afterglow  or  recombination  phase  [4].  In  this  paper  we 
report  about  measurements  of  the  absorption  especially  in 
the  afterglow  or  recombination  phase. 

An  exan:q)le  of  the  tenqKnal  behaviour  of  the  density  of  the 
atoms  is  shown  in  Fig  2  in  a  semilogarithmic  plot 
The  measured  temporal  variation  of  the  density  can  be 
fitted  by  a  single  exponential  decay  and  can  be 
characterized  with  a  decay  rate,  'udiich  was  obtained  from 
die  slope  of  the  semi-log  plots  of  the  densities  against  time. 
Fig.  3  and  Fig  4  show  the  decay  rates  of  both  measured 
excited  atom  densities.  The  pressure  range  studied  was 
from  20  to  600  Torr.  In  Fig.  3  the  values  of  the  decay  rates 
of  the  density  of  Xe  resonance  atoms  are  compared  with 
the  rates  for  the  quenching  of  the  atoms  at  the  metastable 
state  and  at  resonance  state  according  to  the  reactions  [5]: 

Xe(^Pj)  +  2Xe('So)^  Xe,(luCP,))  high  v  +  Xe('So)  (1) 

Xe(^P ,)  +  2Xe(‘So)-^  Xej(OV  +  XeCSo)  (2) 

The  solid  lines  in  Fig  3  and  Fig.  4  represent  the  decay 
rates  (in  Hz)  of  Berejny  [5],  equal  to 

1/t  (  ns')  =  0.649*  IQ-’p*  (3) 

for  the  metastable  state  and  equal  to 

l/T(ns-')  =  0.25*10-’  +  0.127*10V  (4) 

for  the  resonance  state. 

This  comparision  suggests,  that  the  decay  of  the  atom 
densities  in  the  afterglow  phase  of  a  filamentaiy  DBD  can 
partly  be  characterized  by  three-body  collisions  in  a  small 
pressure  range  and  the  agreement  is  moderately  good. 

At  higher  pressures  we  cannot  measure  this  pronounced 
exponential  decay  of  the  atom  density  versus  time  (Fig  5), 
especially  for  the  excited  metastable  atoms.  Our 
hypodiesis  is,  that  the  decay  of  the  density  in  the  afterglow 
phase  of  the  DBD  is  governed  by  an  additional 
repopulation  of  the  metastable  state.  The  source  of  this 
repopulation  is  quenching  of  the  Xe(*P ,)  state  [5]. 

Fig.  6  shows  the  temporal  variation  of  the  near  infrared 
emission(  Xe  6pj-*6Sj,  Paschen  notation)  and  the  time 
behaviour  of  the  atom  density  excited  to  the  meatstable 
state.  The  near  infrared  emission  decays  very  fast  and  at 
the  same  time  the  density  of  excited  atoms  at  the 
metastable  state  grows.  This  is  an  indication  of  the  cascade 
transition  which  determines  the  density  increase  of 
metastable  atoms. 
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Fig.  1.  Schematic  of  the  experimental  set  up. 


Fig.  2.  Temporal  variation  of  the  density  of  the  Xe(^2). 


Fig.  3.  Decay  rates  of  the  density  of  the  Xe(*P2)  atoms  in 
dependence  of  the  gas  pressure.  The  solid  line  represents 
data  by  Berejny  et.  al.  [5]. 


Fig.  4.  Temporal  variation  of  Xe(^P,)  atoms  against  the 
pressure  of  xenon.The  line  represents  values  obtained  for 
quenching  of  the  atoms  by  a  three-body  collisions  [5]. 


time  [lO'^s] 


Fig.  5.  Density  of  the  Xe(^2)  atoms  versus  time  in  a 
filamentary  discharge  at  150  Torr. 


time  [10'*s] 


Fig.  6.  Time  behaviour  of  the  near  infi-ared  emission  of  a 
single  filament  of  a  DBD  at  100  Torr  xenon  and  the 
transmission  of  the  laser  radiation  (823  nm). 
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INTRODUCTION:  The  first  observations  of 
streamer  propagation  were  made  in  the  1930s; 
streamer  propagation  was  described  as  the  rapid 
movement  of  a  luminous  front  from  a  point  anode, 
across  jm  air  gap  towards  a  plane  cathode,  not 
necessarily  causing  an  arc.  Since  then,  observations 
of  the  properties  of  such  streamers  have  revealed 
secondary  and  tertiary  streamer  fronts  moving 
across  the  gap  from  anode  to  cathode  [1].  Often, 
the  current  measured  for  such  gaps  is  in  the  form 
of  many  pulses,  or  ‘bursts’  of  current.  Previous 
theoretical  results  for  the  propagation  of  a  primary 
streamer,  most  of  the  way  across  a  positive  point- 
plane  gap  [2,3],  showed  that:  (1)  as  the  residual 
positive  charge  in  the  streamer  channel  moves  away 
from  the  anode,  the  electric  field  begins  to  recover; 
(2)  ionisation  activity  can  restart. 

The  type  of  discharge  that  occurs  due  to  the  renewed 
ionisation  activity  is  shown  here  to  depend  on  the 
availability  of  seed  electrons  as  the  electric  field 
recovers;  if  few  seed  electrons  are  available,  then  the 
electric  field  near  the  anode  becomes  high  before 
a  discharge  occurs,  leading  to  the  formation  of 
secondary  cind  tertiary  streamers,  and  consequently 
a  series  of  burst  current  pulses. 

THEORY:  Theoretical  calculations  presented  are 
for  the  development  of  secondary  streamers  (after 
the  passage  of  a  primary  streamer)  from  the  positive 
point  of  a  point-plane  gap,  in  air  at  atmospheric 
pressure.  The  point  is  a  hyperboloid  with  a  ~  1 
mm  radius  of  curvature  at  the  tip,  and  a  gap  of  5 
cm,  with  an  applied  voltage  of  20  kV.  The  streamers 
are  constrained  to  move  along  a  100  /xm  chcumel, 
allowing  one-dimensional  electron  and  ion  dynamics 
to  be  used,  while  the  electric  field  is  computed  in  two 
dimensions,  with  sizimuthzd  symmetry,  by  solving 
Poisson’s  equation  in  cylindrical  coordinates.  The 
electron,  positive  ion,  and  negative  ion  continuity 
equations,  including  ionisation,  attachment,  recom¬ 
bination,  and  photoionisation  are  solved  simultane¬ 
ously  with  Poisson’s  equation  to  give  distributions  of 
electron  and  ion  densities,  and  the  electric  field  [2,3]. 
(Note  that  in  the  figures  the  anode  is  at  X  =  0  cm, 
and  the  cathode  at  X  =  5  cm.  Also,  the  calculation 
is  started  at  t  =  0  s  with  a  few  seed  electrons.) 


RESULTS:  In  Fig.  1,  by  plotting  the  axial  electric 
field  at  the  times  indicated,  the  propagation  of  the 
primary  streamer  at  the  start  of  the  discharge  is 
shown.  When  the  streamer  has  stopped  propagating 
the  net  chcirge  in  the  gap  is  positive  [3];  as  this 
charge  moves  away  from  the  anode,  the  electric  field 
starts  to  recover  at  the  anode,  as  shown  in  Fig.  2. 
The  circuit  current  due  to  the  primary  streamer  is 
shown  in  Fig.  3. 

After  ~  10  (IS  the  electric  field  at  the  anode  recovers 
sufficiently  for  any  free  electron  to  initiate  a  self- 
sustained  discharge  at  the  anode.  (In  the  calcula¬ 
tions,  the  very  small,  but  finite,  electron  number 
densities  left  in  the  gap  provide  seed  electrons, 
but  some  time  is  taken  for  them  to  multiply  to 
significant  numbers,  simulating  the  effect  of  scarce 
seed  electrons.)  A  discharge  starts  at  the  anode, 
and  a  secondary  streamer  propagates  out  into  the 
gap,  as  shown  in  Figs.  4  and  5.  Because  of  the 
pre-existing  space-charge  in  the  gap  the  secondary 
streamer  propagation  (Fig.  4)  is  different  from  that 
of  the  primary  streamer  (Fig.  1);  for  example,  the 
secondary  streamer  amplitude  remains  relatively 
constant.  In  Fig.  5  the  anode  electric  field,  just 
before  the  secondary  streamer  is  initiated,  is  shown 
as  a  “dotted”  curve. 

The  circuit  current  due  to  the  secondary  streamer 
(Fig.  6)  is  an  order  of  magnitude  smaller  than  that 
due  to  the  primary  stre£imer  (Fig.  3). 

CONCLUSIONS:  The  formation  of  secondary 
streamers  in  positive  point-plane  gaps  is  shown 
to  be  due  to  the  recovery  of  the  electric  field  at 
the  anode  when  the  remnant  positive  space-charge 
moves  away  from  the  anode.  If  seed  electrons  are 
scarce,  the  field  becomes  large  enough  for  any  free 
electron  to  trigger  a  secondary  streamer.  Tertiary 
streamer  formation  also  occurs. 
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Fig.  1  Primary  streamer  electric  field.  Fig.  4  Secondary  streamer  electric  field. 
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Fig.  6  Secondary  streamer  current. 
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l.Introduction 

Transitions  of  discharge  voltage  from  glow  to 
arc  (G-A)  and  from  arc  to  glow  (A-G)  in  air  (1  atm.), 
N2(93kPa)  and  He+02  (  93  kPa,  O2  20%)  were 
investigated  by  many  data  of  discharge  voltage 
waveforms.  Both  Transitions  of  G-A  and  A-G  have  that 
first  fast  transition  part  is  period  of  about  1  ps  and  slowly 
transition  part  followed  fast  it. 

2. Experiinent 

Condition  and  Procedure 

gases  :  air  latm.,  Nj  93kPa,  He  +  O2  (93kPa,02  20%) 
anode  and  cathode  :  Ag,  4mm  ^ ,  cathode  rwater  cooling, 
gap  length  :  6.0mm,  series  resistor  R  :15  k  Q , 
average  discharge  current  I :  several  10~300mA. 

The  discharge  waveforms  of  both  Transitions 
of  G-A  and  A-G  were  measured  from  the  point  of  small 
current  to  the  point  of  large  current  in  order. 

The  measured  discharge  voltage  was  led  to 
the  input  terminal  of  the  oscilloscope  though  the  voltage 
divider  and  the  delay  cable.  Both  terminals  of  delay  cable 
are  matched  by  1800  Q  resistor  as  the  characteristic 
impedance  of  delay  cable.  The  trigger  signal  of  the 
oscilloscope  was  a  voltage  of  near  point  after  starting 
point  of  transition  voltage  of  G-A  and  A-G. 

The  oscilloscope  is  Tektronix  7844  (max.  freq.  400Mhz). 

3. ResuIt  and  Discussion 

The  model  of  voltage  waveforms  for  transition 
of  G-A  and  A-G  is  shown  in  Fig.l.  The  explanation  and 
the  definitions  of  each  parts  in  the  transition  waveform  is 
written  below  the  Fig.l  .  The  transition  of  G-A  is  the 
section  between  the  starting  point  P,  and  the  final  point  P3 
and  one  of  A-G  is  the  section  between  P4  and  Pg . 

First  there  is  fast  transition(P,-P2)  then  on  near  point  Pj  it 
changes  to  slowly  transition(P2-P3).  I"  the  same  way 
on  the  transition  for  A-G(P4-Pfi)  there  is  first  fast 
transition(P4-P5)  then  on  near  point  Pj  it  changes  to 
slowly  transition(Ps-P,i). 

On  G-A  we  defined  the  rate  ^  g,,  of 
voltage(Vg3,)  per  time(tg3,)  for  first  fast  transition  part. 


G-A  A-G 

- A - ,  , - A - 


Fig.l  Model  of  discharge  voltage  waveform  from  glow 
to  arc  (G-A)and  from  arc  to  glow  (A-G)  on  FFTGA. 
Vg,V,:  discharge  voltage  level  of  glow  and  arc 
respectively,  Vg3„V,g,;voltage  of  first  fast  transition 
part  of  G-A  and  A-G  respectively,  Vg,2,V.g2:voltage  of 
second  slowly  transition  part  of  G-A  and  A-G 

respectively,  tg,i,t,g,:  period  of  first  fast  transition  part 
of  G-A  and  A-G  respectively,  tg,2.tag2  :  voltage  of 
second  slowly  transition  part  of  G-A  and  A-G 

respectively,  P,,  P4  :  starting  point  of  G-A  and  A-G 
respectively,  P3,  Pg  :  ended  point  of  G-A  and  A-G 
respectively,  P2,  Pj  :  switching  point  of  change  from 
fast  to  slow  of  G-A  and  A-G  respectively. 

And  the  rate  S  of  voltage(Vg32)  per  time(tg,2)  's  also 
defined  for  later  slowly  transition.  On  A-G  in  the  same 
way,  their  rates  S  agi  and  ^  were  defined  for  first 
fast  transition  and  second  slowly  it.  Thus  their  equations 
follow:  £  g3,  =  Vg3,  /  tg3„  e  g32  =  Vg32/ 

S  Jgl  ~  ^agl  !  lagl>  S  ga2  ~  ^ag2  . 

On  G-A  and  A-G,  the  characteristics  of  the 
time  Tgj,  and  t,gi  -I  are  shown  in  Fig.2.  Both  times  of  tg,, 
and  tjg,  are  1.0  ~  1.7  ps  when  the  current  is  low  (1=70 
mA).  When  the  current  is  middle  (1=150  mA),  tg,,  and  t,g, 
are  0.2  ~  0.5  ps.  And  when  the  currents  are  large  (I  =  260 
tiA),  tgj,  and  t^g,  are  0.2  ~  0.5  ps.  In  all  gases  of  Air,  N2 
and  He+02,  Igai  and  t^g,  decrease  with  the  increase  of 
discharge  current. 

On  G-A  a  second  slow  transition  part  is 
continuously,  after  the  first  fast  transition  ended.  The 
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second  transition  time  is  further  longer  than  the  first 
transition.  There  is  a  moment  that  a  A-G  transition 
happens  on  the  way  before  second  slowly  transition 
gets  to  the  final  point  Pj.  On  that  occasion,  the  discharge 
voltage  does  not  reach  to  Va,  it  is  Va’.  On  that  case, 
and  tg^  do  not  reach  the  final  value  but  they  are  and 
tgjj’  (these  values  on  the  way),  because  the  arc  is  yet  in 
complete.  And  Vg^’  and  have  various  values.  We 
define  ^  g*2’  =  Vg^Vtgaa’  for  a  set  of  and  tg^’  like 
the  S  g^  was  defined  before.  Then  the  characteristic 
of  S  gia’  ■  tgi2’  is  shown  in  Fig.3.  The  maximum  value  of 
tg^’  is  the  final  point  Pj  of  transition  to  arc,  and  the 
maximum  tg^’  is  final  value  of  the  tg^  in  Fig.3.  The 
minimum  ^  g^’  become  to  £  g^ ,  and  Vg^  is  calculated 
by  the  equation  Vg^  =  S  g,2  ^  *g.2  too.  On  the 
result,  the  tg^  is  200  ~  400  ps,  and  the  ^  g^  is  0.3  ~  0.6 
V/|is.  Therefore,  Vg^  was  60  ~240  V  . 

On  A-G  a  second  slow  transition  part  also 
make  for  final  point  P^  past  a  point  Pj  after  the  first  fast 
transition.  There  are  that  many  start  points  Pj  of  G-A 
happen  before  the  slowly  second  process  get  yet  up  the 
point  Pg.  In  these  cases,  they  define  final  point  Pg’  for 
the  start  point  of  G-A(P,).  Therefore  Vjgj’,  t.gj’  and 
^  ,g2  ’  are  obtained  for  Pj  and  Pg’  so  that  the  unfinished 
transition  A-G  (  Oj-Pg’  )  happened.  A  characteristic 
of  ^  ag2  ’  vs.  t,gj’  is  shown  in  Fig.  4.  It  was  determined 
t,g2  for  the  maximum  value  of  And  the  ^  ^gj  equal 


Fig.2  period  of  lime  on  first  fast  transition  parts  tg,,,  l^g, 
I  characteristics  for  G-A  and  A-G 


to  S  ag2  ’  of  the  t,g2.  On  Fig.4  t^  are  about  200  ps 
and  ^  ,g2  is  obtained  about  0.1  -0.3  V/  ps  .  Thus  V,g2 
are  20  -  60  V. 


Fig.3  rates  of  transition  voltage  per  its  transition  times 
S  gaz’  vs.  its  times  tg^j’  on  slowly  transition  parts  of  G-A 


Fig.4  rates  of  transition  voltage  per  times  ^  vs.  its 
times  t,g2  ’  on  slowly  transition  part  of  A-G 


4.Conclusion 

On  the  measurement  of  discharge  voltage,  both 
transition  of  G-A  and  A-G  have  the  transition  of  first  fast 
part  and  second  slowly  part  in  high  pressre  gases  of  about 
latm..  On  both  transition  ,  the  period  of  first  fast  part  is 
about  1  ps  and  the  period  of  second  slowly  part  are  200- 
400  ps. 
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1.  Introduction 

Hollow  cathode,  hollow  anode  discharges  operating  to 
the  left  of  Paschen  minimum  are  often  known  as 
pseudo  spark  discharges  [1].  These  discharges  have 
complex  behavior  that  is  often  beyond  explanation  and 
further  experimental  and  theoretical  work  is  required. 
In  this  paper  we  present  experimental  results  for 
voltage  -  current  characteristics  of  the  pulses  in 
hydrogen,  nitrogen  and  argon  which  were  obtained  by 
application  of  a  di/dt  probe  with  a  very  wide 
bandwidth  thus  providing  us  with  an  opportunity  to 
make  a  higher  resolution  recordings  of  the  voltages 
and  currents  than  the  data  yet  available  in  the 
literature. 

2.  Experimental  setup 

The  pseudo  spark  device  used  here  has  a  standard 
cathode  -  anode  geometry.  The  hole  diameters  in  both 
electrodes  was  8.4  mm  and  the  thickness  of  the  walls 
was  7  mm.  The  gap  between  the  two  electrodes  is 
very  small  2-6  mm  allowing  operation  well  below  the 
Paschen  minimum  at  high  breakdown  voltages. 
Discharge  pulses  are  initiated  by  an  overvoltage.  A 
14.8  nF  capacitor  was  used  to  discharge  through  an 
overdamped  circuit.  Standard  high  frequency  high 
voltage  probe  was  used  to  record  the  voltage 
transients.  A  special  di/dt  probe  was  put  close  to  the 
flat  (strip)  connection  on  the  grounded  side  of  a  quick 
RLC  discharge  circuit.  The  bandwidth  of  the  probe 


and  the  overall  detection  system  exceeds  100  MHz. 
The  discharge  chamber  was  evacuated  by  a  diffusion 
pump  to  some  very  low  pressure  and  a  gas  flow  at  a 
constant  pressures  between  50  and  20  Pa  was 
maintained  by  a  leak  valve. 

3.  Results 

Discharges  could  be  operated  in  a  single  shot  and  in 
repetition  regime.  Paschen  curves  were  recorded  for 
all  gases  and  showed  different  modes  of  operation 
corresponding  to  different  available  voltage.  A  narrow 
region  with  hystheresis  (it  occurs  at  29  Pa  and  is  only 
0.5  Pa  wide)  was  observed  with  the  transition  to  the 
high  voltage-  superdense  glow  mode. 

During  the  hollow  cathode  phase  the  plasma  acts  as  a 
virtual  anode  [  1  ]  giving  large  current  density  beams  of 
electrons  [2]  which  are  accelerated  in  the  high 
interelectrode  fields.  In  the  superdense  glow  phase 
extraordinary  emission  of  electrons  from  the  cathode 
surface  occurs.  This  is  the  result  of  an  intense  ion  - 
cathode  surface  interaction.  Most  studies  were 
concerned  with  the  occurrence  of  superdense  glow  as 
a  function  of  capacitance  that  discharges  through  the 
system  and  material  of  the  electrodes.  If  the  system 
cannot  sustain  the  high  emissivity  of  the  cathode 
surface,  current  quenching  occurs  [3,4]. 

Our  technique  allows  us  to  give  a  reliable  current  and 
di/dt  waveforms  required  to  describe  both  the  beam 


XXni  ICPIG  ( Toulouse,  France  )  17-22  July  1997 


IV-43 


and  the  superdense  glow  development  as  well  as  the 
current  quenching  process. 

Three  distinct  modes  are  observed  in  voltage  and 
current  pulses.  At  highest  pressures  current  pulse  is 
smooth  with  relatively  low  peak  values.  At  somewhat 
lower  pressures,  pulsed  voltage  and  di/dt  and 
consequently  i(t)  waveforms  show  development  of  the 
hollow  cathode  discharge  and  beams  of  electrons 
followed  by  numerous  oscillations.  A  pronounced 
quenching  occurs  at  the  end  of  di/dt  pulse.  The  peak 
current,  however,  is  only  a  factor  of  2  higher  than  that 
in  the  higher  pressure  mode.  A  further  small  decrease 
of  pressure  of  the  order  of  5  Pa  leads  to  a  dramatic 
increase  in  breakdown  voltage  of  a  factor  of  more  than 
2  and  almost  a  factor  of  10  in  current.  The  waveforms 
for  this  mode  are  shown  in  Figure  1.  The  increase  of 
the  current  in  this  case  is  rapid  following  a  small  peak 
due  to  e'  beam,  with  only  very  few  oscillations 
associated  with  the  onset  and  the  end  of  the  current 
pulse.  The  discharge  shows  all  the  characteristics  of 
superdense  glow  which  occur  in  pseudo  spark 
switches.  The  maximum  current  growth  is  of  the  order 
of  10'°  A/s  even  with  a  low  capacitance  used  in  our 
experiment  and  is  an  order  of  magnitude  larger  than  in 
the  moderate  pressure  range.  The  current  quenches 
when  potential  drops  below  1.5  kV  which  appears  to 
be  the  threshold  to  sustain  the  superdense  glow  in  our 
system.  The  transition  between  the  two  modes  is  very 
well  defined  on  the  Paschen  curve. 

4.  Conclusion 

In  this  paper  we  have  shown  the  voltage  and  current 
pulses  in  low  pressure  hollow  anode,  hollow  cathode 
pulsed  discharges  that  correspond  to  the  pseudo  spark 
switch  geometries.  Oscillations  associated  with  the 


development  of  the  superdense  glow  stage  of  pseudo 
spark  discharges  are  observed  as  well  as  current 
quenching.  Quenching  occurs  due  to  a  failure  to 
develop  the  superdense  glow  or  due  to  the  failure  to 
supply  the  discharge  with  sufficient  charge  from  the 
capacitor  to  maintain  the  required  voltage  which  in  the 
case  of  hydrogen  and  the  geometry  of  our  apparatus 
appears  to  be  1.5  kV. 


Figure  1  Lower  solid  curve  -  di/dt;  upper  solid 
curve-  voltage;  dashed  curve-  current. 
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I .  Introduction 

Even  though  the  existence  of  an  atmospheric-pressure 
glow  discharge  controlled  by  a  dielectric  barrier  has 
been  demonstrated  for  a  long  time  [1]  in  helium,  the 
fundamental  mechanisms  controlling  this  type  of 
discharge  have  not  been,  till  now,  clearly  understood. 
Recent  experiments  suggest  that  residual  impurities  such 
as  nitrogen  and  oxygen  play  a  very  important  role  in  the 
existence  of  a  stable  and  periodic  discharge.  As  helium 
has  metastable  states  with  an  energy  threshold  of  the 
order  of  20  eV,  it  can  easily  transfer  a  large  part  of  the 
energy  stored  in  these  states  to  ionise  molecular 
impurities.  This  is  the  well  known  Penning  effect  which, 
obviously,  cannot  occur  in  pure  gases.  At  atmospheric 
pressure,  helium  excimers  are  formed  in  the  discharge. 
These  excimers,  through  dissociation,  are  able  to 
produce  photons  with  an  energy  of  the  order  of  15  eV. 
No  photoionisation  processes  can  occur  in  pure  helium 
but,  clearly,  nitrogen  or  oxygen  molecules  can  be 
ionised  by  these  photons.  It  is  therefore  likely  that  an 
increase  of  the  percentage  of  impurities  in  helium  will 
also  increase  the  importance  of  the  ionisation  process. 
However,  as  in  most  usual  experimental  situations  the 
percentage  of  helium  impurities  is  lower  than,  say  500 
PPM,  in  this  work,  we  will  ignore  the  photoionisation 
process  and  we  will  only  consider  the  role  of  the 
Penning  effect.  Furthermore,  for  simplification,  we  will 
only  consider  the  influence  of  nitrogen  impurities, 
n  -  Description  of  the  physical  model : 

To  carry  out  this  study,  we  use  a  numerical  model  based 
on  the  solution  of  the  continuity  equations  for  electrons 
and  ions  coupled  to  the  Poisson  equation.  The 
accumulation  of  charge  on  the  dielectric  as  the  discharge 
propagates  is  carefully  taken  into  account.  Furthermore 
as  the  discharge  is  followed  over  times  of  the  order  of 
several  microseconds,  the  motion  of  neutral  excited 
species  must  be  considered  through  the  solution  of 
diffusion  equations.  These  equations  are  solved 
simultaneously  with  the  equations  for  charged  particles. 
The  model  is  one-dimensional  and  gives  the  time 
variation  of  the  total  current,  of  the  gas  voltage  and  of 
the  memory  voltage  (see  [2]).  Space  and  time  variation 
of  most  physical  quantities  (electron,  ion  and  neutral 
densities,  electric  field  ,  etc)  can  also  be  obtained. 
Emission  of  secondary  electrons  at  the  cathode  is 
assumed  to  be  due  to  the  impact  of  various  ionic  species. 
In  this  work,  three  different  ionic  species  are  considered 
i.e.  atomic  helium  ions.  He" ,  molecular  ions.  He;  and 


Direct  processes 

1- He  +  e  — >  He*  +  e  +  e 

2-  He  +  e  — >  He(2’S)  +  e 

Three-body  interactions 

3- He*  +  2He  — >  He^  +  He 

4-  HCj*  +  e  +  He  — >  He,*+  He 

5-  He(2’S)  +  2  He  — >  He,*  +  He 
Recombinations 

6-  He*  +  e  — >  He  +  hv 

7-  He*  +  2e  — ^  He  +  e 

8-  He*  +  e  +  He  — >  He*  +  He 

9-  Hej*  +  e  — >  He^*  +  hv 

10-  He,*  +  e  — >  He(2’S)  +  He 

11-  He,*  +  2e  — >  2He  +  e 

12-  N,*  +  e  — >  N  +  N 

13-  N,*  +  2e  — ^  N,  +  e 
Two-body  interactions 

14-  He(2’S)  +  e  — >  He  +  e 


Reaction  rate 

6.3  10“cmV' 

'5  10”cmV 

2.5  lO^'cmV 

2  10"  era’s' 

7.1  10"cmV' 

1  10"  era’s' 

5  lO  '"  era’s  ' 

5  10’  era’s' 

2  10  ”  era’s' 

4.8  10 ’era’s' 

1.4  10”  era’s' 

2.9  10’ era’s' 

2.9  10’  era’s' 

8  lO”  era’s  ' 
reaction  rates  used  in  this 


15-  He(2’S)  +  He(2’S)  — >  e  +  He*  +  He 
Penning  ionisation 

16-  He(2’S)  +  N,  — >  N,*  +  He  +  e 
Table  I;  Various  reactions  and 

work 


n;  .  A  simplified  kinetic  scheme  is  used  for  helium  in 
which  only  the  first  metastable  state  H,(2^S}  is  taken  into 
account.  According  to  the  reactions  given  in  table  I,  this 
metastable  state  is  created  by  direct  electron-atome 
excitation  (2),  after  recombination  between  an  ion 
He*  and  an  electron  (10).  Population  of  the  2^s  state  by 
cascade  effects  not  being  considered  in  this  work,  it  is 
likely  that  our  calculations  underestimate  the  rate  of 
production  of  this  metastable  state.  Destruction  of  this 
state  occurs  through  two-body  (14-15)  and  three-body 
(5)  interactions.  Three  types  of  recombination  processes 
have  been  considered  for  every  ionic  helium  species 
including  two-body  (6)  and  three-body  (7-8) 
recombination.  Three-body  recombination  plays  an 
important  role  in  our  case  since  the  gas  is  at  atmospheric 
pressure. 

All  the  reactions  taken  into  account,  together  with  the 
corresponding  reaction  rates,  are  given  in  table  I. 

The  drift  velocity  of  the  electrons,  the  diffusion 
coefficients  and  excitation  and  ionisation  frequencies 
were  calculated  using  a  numerical  solution  of  the 
Boltzmann  equation. 
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Drift  velocity  and  diffusion  coefficients  for  ions  were 
obtained  from  [3].  The  secondary  emission  coefficient 
was  assumed  equal  to  0.02  for  helium  ions  and  to  0.01 
for  nitrogen  ions. 

m  -  Results  : 

The  calculations  were  made  in  standard  experimental 
conditions  [2]  i.e  for  an  applied  voltage  of  amplitude 
1200  volts,  a  frequency  of  10  kHz,  a  gap  distance  of  0.5 
cm.  The  thickness  of  the  dielectric  on  the  electrodes 
was  0.06  cm  The  radius  of  the  electrodes  was  2  cm. 
Different  percentages  of  nitrogen  in  helium  were 
investigated  ranging  from  5  PPM  to  500  PPM. 

Figure  1  shows,  for  two  cycles,  the  variation  of  the 
various  electrical  parameters  (i.e.  the  discharge  current, 
the  applied  voltage,  the  gas  voltage  and  the  memory 
voltage)  for  500  PPM  of  nitrogen  in  helium.  A  stable 
periodic  state  was  clearly  reached  in  which  the  various 
electrical  parameters  were  reproduced  every  half  cycle. 
Furthermore,  a  very  special  shape  for  the  discharge 
current  was  observed  in  which  a  fast  varying  part 
corresponding  to  the  main  discharge  current  is  followed 
by  a  slowly  decreasing  tail.  This  particular  shape  can  be 
compared  to  the  experimental  results  of  Massines  et  al. 

[2].  However,  in  the  present  case,  the  width  of  the 
current  pulse  is  longer  and  its  amplitude  lower.  This 
difference  is  likely  to  be  due  to  our  simplified  physical 
scheme  in  which,  as  no  cascade  effects  are  taken  into 
account,  production  of  metastable  states  is 
underestimated.  The  results  can  also  be  compared  to  the 
calculations  of  Ben  Gadri  et  al.  [4].  These  calculations 
were  made  in  pure  helium.  However,  to  obtain  a  stable 
discharge,  an  overestimated  high  recombination 
coefficient  was  used.  In  these  conditions,  the  width  of 
the  current  pulse  was  very  narrow  and  no  slow 


Figure  I :  Applied  voltage,  gas  voltage,  memory  voltage  and 
discharge  current  for  500  PPM  of  nitrogen  in 
helium  (over  two  cycles  of  the  applied  voltage) 

decreasing  tail  was  observed.  Clearly  the  particular 
shape  obtained  in  our  present  calculations  comes  from 
the  influence  of  the  Penning  effect  (16)  in  the  creation  of 
new  electrons  following  the  interaction  of  helium 


Figure  2  :  Applied  voltage,  gas  voltage,  memory  voltage  and 
discharge  current  for  10  PPM  of  nitrogen  in  helium 
(over  three  cycles  of  the  applied  voltage) 
metastable  state  with  a  nitrogen  molecule. 

As  we  decrease  the  percentage  of  nitrogen  in  helium,  the 
discharge  becomes  increasingly  unstable.  For  nitrogen 
concentration  lower  than  500  PPM  and  higher  than  10 
PPM,  the  discharge  is  reproduced  every  two  cycles.  For 
10  PPM  the  discharge  is  neither  stable  nor  periodic. 
Figure  2  shows  the  results  obtained  in  this  case.  Current 
pulses  of  different  sizes  occur  corresponding  to  very 
different  gas  voltages. 

This  strong  difference  between  successive  pulses  comes 
from  the  fact  that,  for  low  nitrogen  concentrations,  the 
production  of  electrons  by  Penning  effect  being  very 
small,  the  loss  of  electrons  by  recombination  becomes 
higher  than  the  production  rate.  Consequently,  after  a 
certain  number  of  small  amplitude  pulses,  the  number  of 
electrons  between  two  pulses  is  so  small  that  the  gas 
voltage  must  be  strongly  increased  to  obtain  a  new 
pulse.  This  is  for  example  the  case  of  the  fourth  current 
pulse  in  figure  2.  For  a  concentration  of  5  PPM  no  more 
current  pulses  can  be  observed. 

From  these  results,  it  is  then  clear  that  a  sufficient 
amount  of  impurity  must  be  present  in  an  atmospheric 
pressure  glow  discharge  in  order  to  maintain  a  sufficient 
number  of  electrons  between  two  current  pulses  to  have 
breakdown  starting  at  low  gas  voltage.  It  follows  that  no 
atmospheric  pressure  glow  discharge  can  then  be 
obtained  in  completely  pure  helium. 
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l.lntroduction 

Corona  discharges  in  air  is  a  well  known  mean 
for  applications  such  as  ozone  generation  [1,2,3] 
air  pollution  control  [4,5], 

One  fondamental  problem  in  order  to 
understand  the  physical  and  diemical  properties  of 
theses  discharges  is  the  evolution  of  the  gas 
tanperature  during  the  development  of  the 
streamer  and  it’s  filamentary  high  pressure  positive 
column  (or  secondary  streamer).  In  particular  this 
knowledge  is  necessary  to  model  the  ozone 
production  in  this  type  of  discharge.  The 
importance  of  this  question  has  already  been 
pointed  out  Spyrou  et  al  [6,7], 

In  this  paper  we  present  the  evolution  of 
the  rotational  temperature  in  a  positive  point  to 
plane  disdiaige  with  a  time  resolution  of  5ns  and 
a  space  resolution  of  100pm  by  a  spectroscopic 
technique.  Rotational  temperatures  Tf  are  derived 
from  the  (0,0)  band  of  the  second  positive  nitrogen 
group  N2(C^n„  -  B^rig)  at  337  nm. 

l.Expeiimental 

The  experiments  are  performed  in  a  cell 
containing  synthetic  air.  After  each  experimait,  the 
gas  is  changed  in  the  cell. 

The  anode  of  the  discharge  is  a  Rhodium  point 
with  a  radius  of  curvature  of  50  pm  and  a  copper 
plane  having  a  diameter  of  10  mm  and  a  gap  length 
of  12  mm.  The  discharge  filamait  is  focmsed 
perpaidicularly  to  the  slit  of  a  HR640  Jobin  Yvon 
monochromator  with  a  magnification  of  1 .  From 
the  positive  point  self  rqjetitive  streamer 
discharges  are  launched  with  periode  in  the  range 
of  60  to  120  ps.  The  signal  is  analysed  with  a  fast 
photomultiplier  on  a  2  channel  digital  analyser 
(Tektronics  )  triggered  by  the  discharge  current 
pulses. 

By  means  of  oscalloscx)pic  averaging,  the 
intensity  spectrum  b^een  335  and  337.4  nm  is 
recorded  with  a  stqj  of  0.05  nm  and  a  spectral 
resolution  of  0.1  nm.  With  various  sets  of  data, 


we  are  able  to  build  the  spectral  anission  of  the 
337  nm  band  during  the  development  of  the 
discharge.  The  temperature  is  then  deduced  by 
fitting  this  spectrum  with  a  calculated  synthetic 
spectrum  based  on  the  same  apparatus  function 
[8,9].  An  exanqjle  is  given  in  fig.  1 . 

3.  Results 

When  observing,  with  a  slit,  a  specific  position 
of  the  discharge  axis,  the  intensity  of  the  337  nm 
band  exhibits  two  peaks  corresponding  to  the 
streamer  passage  followed  by  the  emission  of  the 
filamentary  positive  column  (figure  2,  plain).  The 
time  resolved  rotational  temperatures  show  rapid 
changes  in  time  (figure  2,  black  points).  It  is  taken 
9  mm  from  the  native  plane  at  10.8  kV  with  a 
rqjetition  rate  of  70  ps  and  an  energy  per  pulse  of 
14  pj.  Tr  is  of  the  order  of  380  K  for  the  streamer 
vriiile,  after  a  pronounced  dip,  the  temperature 
increases  again  until  reaching  values  of  the  order 
of  400  K.  It  is  remarkable  that  the. temperature  dip 
goes  to  3 15  K  in  a  time  as  small  as  20  ns. 

The  maxima  of  these  two  peaks  are  ploted 
as  a  function  of  positions  from  the  cathode  on 
figure  3.  Streamer  maxima  are  in  white  circles, 
vriiile  squares  are  maxima  of  the  filamentary 
column.  It  is  seen  that  the  intensity  of  the  streamer 
is  maximum  near  the  plane  while  the  intensity  of 
the  filamentary  positive  column  is  maximum  at  a 
complementary  r^on,  near  the  point.  This 
bdiavior  has  already  be  explained  in  [10]. 
From  the  emitted  light,  int^ated  in  time,  the  mean 
value  of  the  rotational  temperature  is  found  to  be 
constant  all  along  the  gap,  increasing  slightly  near 
the  positive  point  electrode.  This  temperature 
increases  from  320  to  450  K  when  the  voltage 
increases  from  8.5  to  11  kV. 

In  contrast  with  the  result  presented  heren,  the 
dififeraice  of  values  of  Tr  between  the  streamer 
and  filamentary  column  are  very  different  in  [6,7] 
for  a  gap  slightly  larger  (15mm).  In  addition  the 
mean  Tr  values  along  the  discharge  axis  are 
dianging  in  [6,7]  ^ri^ile  it  is  roughly  constant 
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here.  The  time  resoution  of  Tr  is  here  larger,  since 
it  is  possible  to  compare  the  streamer  and  column 
Tr’s  for  the  same  discharge. 

4.  Discussion  and  Conclusion 

A  critical  analysis  should  now  be  devdopped 
before  stating  that  the  rotational  temperature  is 
equal  to  the  gas  temperature.  Certainly,  Tr  is  not 
far  from  T.  However,  the  measured  Tr  changes  so 
rapidly  in  time  that  the  interpretation  can  not  be 
straightforward.  Cooling  down,  through  simple 
thermal  cooling,  is  not  possible,  since  the 
associated  time  constant  lies  in  the  range  of  50 
microseconds.  A  possible  explanation  could  be  that 
the  very  fast  decrease  of  the  gas  temperature,  just 
after  the  streamer  passage,  is  due  to  a  strong 
streamer  diannel  expansion,  wdiich  induces  some 
adiabatic  channel  cooling  [11].  This  is  under 
investigation. 
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Figure  1:  An  exemple  of  measured  and 
calculated  discharge  spectrum  of  the  (0,0) 
band  of  the  second  positive  nitrogen  groupe. 


Figure  2:  Time  resolved  rotational 
tenqierature  (black  dots),  and  total  emitted 
light  (plain). 


Figure  3:  Spatial  evolution  of  the  rotational 
temperature  as  a  function  of  position  from  the 
cathode  plane  (black  dots).  Streamer  Hght 
maxima  (open  circle)  and  column  light  maxima 
(open  square). V  =  12.3  kV;  P=0.2  watt. 
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1.  Introduction 

Pulsed  discharge  at  high  overvoltage  develops  in  the 
streamer  form  or  it  the  form  of  fast  ionization  wave 
(FIW)  [1].  In  spite  of  common  features  of  plasma 
created  the  main  distinctions  between  these  types  of 
breakdown  are  spatial  homogeneity  and  high  repro¬ 
ducibility  of  the  FIW  unlike  the  streamer.  It  seems  to 
be  useful  to  understand  basic  features  of  breakdown 
development  at  high  overvoltages  by  the  example  of 
FIW.  In  this  work  electric  field  in  FIW  front  and 
electron  concentration  behind  the  front  are  restored 
from  the  experimental  data.  Electronic  levels  popu¬ 
lation  dynamics  analysis  is  performed  on  the  basis  of 
reduced  electric  field  values. 

2.  Experimental  setup  and  restoration 
procedure 

Negative  polarity  voltage  pulses  with  U=15.5  kV  pe¬ 
ak  pulse  amplitude,  40  Hz  repetitive  frequency,  25  ns 
duration  and  3  ns  rise  time  were  used  to  initialize 
the  FIW.  Glaiss  discharge  tube  of  60  cm  length  and 
1,75  cm  inner  diameter  with  the  plate  electrodes  at 
the  ends  was  surrounded  by  coaxial  metallic  screen 
6  cm  in  diameter. 

Modification  of  electrical  signal  along  the  tube 
was  monitored  with  the  aid  of  capacitance  detector 
at  intervals  of  every  3  mm  along  the  tube  axis.  Space 
sensitivity  function  of  capacitive  gauge  was  deter¬ 
mined  from  the  special  experiment.  Irradiation  from 
discharge  was  detected  using  time  resolved  emission 
spectroscopy  technique.  Experiments  have  been  per¬ 
formed  in  air  for  the  pressure  range  1-16  Tor.  Pres¬ 
sure  range  was  taken  to  be  optimal  for  the  FIW  prop¬ 
agation  at  the  high  voltage  pulse  parameters  men¬ 
tioned  before. 

The  main  idea  of  the  restoration  procedure  was 
based  on  the  suggestion  of  axial  symmetry  of  break¬ 
down  [2].  In  the  symmetric  charge  system  signal  on 
capacitance  detector  V{xd)  placed  in  the  point  is 
defined  by  charge  per  unit  of  length  q: 

+  0O 

^(*d)=  J  qix)fd{x-Xd)dx  (1) 

—  OO 

Here  /j  is  spatial  sensitivity  function  of  the  detector, 
X  -  coordinate  along  the  discharge  tube.  Charge  dis¬ 
tribution  in  the  system  may  be  founded  through  the 


reverse  task  solving.  Then  average  in  the  discharge 
tube  cross-section  longitudinal  electric  field  will  be 
expressed  as 

J 

E{xd,t)  =  j  x)dx,  (2) 

-I  ^ 

where  double  halfwidth  of  fa  was  taken  as  an  inte¬ 
gration  limits:  /  ~  2A/.  Singularity  at  z  =  Xj  was 
eliminated  through  analitycal  expansion  of  function 
under  the  integral. 

Electrons  concentration  behind  the  FIW  front  at 
the  point  xq  may  be  restored  in  the  drift  approxima¬ 
tion  on  the  basis  of  longitudinal  charge  emd  electric 
field  data: 


ne{xo,t) 


1  f  dq{x,t) 

HetE{xo,t)  J  dt 


dx. 


(3) 


Here  /i*  -  electron  mobility,  e  -  charge  of  electron. 


3.  Results 

It  was  founded  that  electric  field  profile  vs  time  is 
asymmetric.  It  rises  up  to  peak  value  during  3-4  ns 
and  drops  during  ~2  ns,  after  that  smooth  diminu¬ 
tion  up  to  zero  or,  alternatively,  secondary  maxima 
observed  depending  upon  pressure. 


Peak  values  of  reduced  electric  field  in  the  cross 
section  20  cm  spaced  from  the  high  voltage  electrode 
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for  the  different  pressures  represented  on  the  Fig.l, 
curve  (1),  may  be  approximated  by  power  depen¬ 
dence:  E/P  =  4.3P”®  *^kV/  (cm  •  Tor).  On  curve 
(2)  of  the  same  picture  E/P  maximum  value  re¬ 
stored  without  detector  sensitivity  function  consid¬ 
eration  (at  the  fd  =  6{x  —  Xd))  is  represented.  E/P 
peak  value  is  diminishes  strongly  with  the  pressure 
growth.  It  must  influence  sharply  on  the  energy 
distribution  direction  in  the  discharge.  Really,  at 
the  P=16  Tor  maximum  reduced  field  reaches  4.5 
kV/(cm  •  Tor)  and,  so,  exceeds  critical  value  for  the 
“runaway”  electrons.  On  the  contrary,  at  the  P=16 
Tor  peak  E/P  value  reduces  to  0.5  kV/  (cm  •  Tor) 
and  corresponds  to  effective  ionization  and  electronic 
levels  excitation. 

It  IS  of  interest  to  compare  time  dynamics  of  elec¬ 
tronic  levels  population  with  the  electric  field  stre¬ 
ngth  data.  We  controlled  shapes  of  ionic  transition 
N2+,  B^E+  and  Na,  C3n„  ^  tran¬ 

sition  countours  temporary  evolution  in  the  FIW 
at  different  pressures.  Figure  2  shows  the  time  r 
while  radiation  intensity  growths  from  0. 1  of  its  max¬ 
imal  value  up  to  the  maximum.  Curve  (1)  corre¬ 
sponds  to  the  second  positive  system  of  nitrogen  (A  = 
337.1  nm),  and  curve  (2)  corresponds  to  the  first  neg¬ 
ative  system  (A  =  391.4  nm). 


At  low  pressures  levels  with  different  excitation 
energy  (ei-  =  18.75  eV  for  1“  and  62+  =  11.03  eV 
for  the  2‘*'  system)  are  populated  during  practically 
the  same  time.  It  means  the  absence  of  selectivity 
of  energy  distribution  between  these  two  channels. 
With  the  pressure  growth  rise  time  of  radiation  be¬ 
comes  much  more  smaller  for  the  1~  system  than  for 
the  2‘''. 

From  the  electric  field  and  electronic  levels  popu¬ 
lation  dynamics  it  may  be  deduced  that  at  low  pres¬ 
sures,  where  maximum  E/N  exceeds  significantly 
critical  value  for  run-away  electrons  arising,  electron 
energy  distribution  function  (EEDF)  in  the  nonelas¬ 
tic  processes  energy  region  remains  practically  the 
constant.  It  leads  to  the  loss  of  selectivity  in  the 


energy  distribution  processes. 

Pressure  increase  from  0.3  to  4  Tor  tends  to  the 
reduced  electric  field  diminution  from  10  to  1.5  kV/ 
(cm-Tor).  As  this  take  place,  “runaway”  criterion 
is  true  only  in  the  narrow  zone  of  FIW  front  where 
electric  fields  are  maximum.  The  fall  of  the  EEDF 
in  the  nonelastic  thresholds  region  becomes  signif¬ 
icant  and  leads  to  the  strong  dependence  of  elec¬ 
tronic  level  population  velocity  vs  its  energy  thresh¬ 
old.  Nj(5^Ej)  -  level  is  populated  with  character¬ 
istic  time  ~  3  ns.  It  coincides  with  the  halfwidth  of 
electric  field  pulse  in  the  FIW  front.  To  the  contrary, 
N2(C'^nu)  -  level  population  takes  place  all  the  time 
until  pulse  back  front  come  in  the  cross-  section,  that 
is  population  extends  over  the  approximately  weak 
fields  behind  the  FIW  front. 

Ionization  degree  behind  FIW  front  represented 
in  the  form  a  =  rie/N,  where  N  is  neutral  gas  density 
is  shown  on  the  Fig.3. 


Ionization  degree  diminishes  with  pressure,  while 
electron  concentration  reaches  its  meiximum  value 
1.2  •  10^®  cm~®  at  the  pressure,  correponding  to  the 
maximum  of  FIW  front  velocity. 

4.  Conclusions 

Thus,  correlation  between  electric  field  and  electronic 
levels  population  velocity  in  the  FIW  front  has  been 
demonstrated  on  the  basis  of  experimental  investi¬ 
gation.  Electron  concentration  behind  the  front  of 
ionization  wave  has  been  determined.  This  work  was 
supported  in  part  by  grants  96-03-32746  and  96-02- 
18297  from  Russian  Basic  Research  Foundation. 
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1.  Introduction 

Different  types  of  discharges  are  nowadays  widely 
used  for  technical  applications:  plasma  etching,  ma¬ 
terial  deposition  and  so  on.  One  of  the  main  prob¬ 
lems  remains  spatially  uniform  discharge  production 
in  the  big  volume  of  the  gas. 

It  is  known  that  at  the  great  overvoltage  on  the 
discharge  chamber  electrodes  breakdown  develops  in 
the  form  of  fast  ionization  wave  (FIW).  Due  to  high 
velocity  and  non-local  character  of  propagation  FIW 
allows  to  obtain  relatively  uniform  nonequilibrium 
plasma  in  the  big  volume  of  gas  at  the  time  moments 
~  10“*  s.  The  most  characteristic  features  of  FIW 
breakdown  for  the  pulse  altitude  U  =  15  -j-  30  kV 
and  few  nanoseconds  rise  time  are  the  follows:  FIW 
front  velocities  v  =  10*— 10^'’  cm/s,  electrons  density 
behind  the  FIW  front  Ug  ~  10^^  -r- 10^^  cm“*,  pres¬ 
sures  P  =  0.1  -j-  50  Tor,  reduced  electric  field  values 
E/N  =  10“^®-=- 10“^"*  V  cm^.  Obtained  plasma  may 
be  interesting  both  for  technical  applications  and  el¬ 
ementary  processes  studying. 

The  principal  question  in  the  FIW  investigation 
is  the  role  of  discharge  chamber  walls  in  the  FIW 
development  and  propagation  [1].  Up  to  now  FIW 
propagation  studied  in  the  long  discharge  tubes  or 
in  the  high-  ionized  channel  of  laser  spark,  where 
cold  gas  around  the  channel  play  the  role  of  the  dis¬ 
charge  sell  walls.  At  the  big  diameter  of  discharge 
tube  it  is  possible  to  choose  experimental  conditions 
so  that  discharge  will  be  uniform  in  the  cross-  sec¬ 
tion  of  the  discharge  chamber.  In  [2]  it  was  shown 
for  the  5  cm  diameter  discharge  sell.  The  only  work 
is  known  [3]  where  FIW  was  studied  in  the  conical 
glass  shell  28  cm  in  diameter  and  50  cm  in  height 
by  the  electronic-  optical  camera  with  nanosecond 
temporary  resolution. 

The  aim  of  this  work  -  more  detail  analysis  of 
spatial  homogeneity  of  discharge  propagated  in  the 
form  of  fast  ionization  wave  in  the  big  volume  dis¬ 
charge  chamber. 

2.  Experimental  setup  and  restoration 
procedure 

Experimental  setup  is  presented  on  Fig.l.  Discharge 
in  the  form  of  FIW  was  organized  in  the  cupola  glass 
chamber  40  1  in  volume.  High  voltage  stainless  elec¬ 
trode  20  mm  in  diameter  was  surrounded  by  section 


of  glass  tube  35  mm  inner  diameter.  Low  voltage 
grounded  electrode  200  mm  in  diameter  was  placed 
at  350  mm  from  the  high  voltage  electrode.  Diame¬ 
ter  of  the  lower  plate  of  the  discharge  chamber  was 
370  mm.  Discharge  volume  may  be  pumped  to  the 
pressure  P  ~  10~*  Tor. 

High  voltage  electrode  was  connected  with  pulsed 
voltage  generator  (PVG)  by  coaxial  cable  with  50 
Ohm  wave  resistance  10  m  in  length.  Cable  screen 
was  coupled  to  the  grounded  electrode  by  a  copper 
bar. 

Discharge  volume  was  pumped  to  the  pressure 
10"*  Tor  by  oil  pump  end  then  filled  by  air  or  nitro¬ 
gen  through  the  special  hole  in  the  grounded  elec¬ 
trode.  Pressure  was  registered  by  pressure  gauges 
PMT-2  and  6MDx4S. 


Fig.l:  Experimental  setup. 


High  voltage  negative  polarity  pulses  with  15.5 
peak  pulse  amplitude,  25  ns  duration  and  3  ns  rise 
time  from  the  pulsed  voltage  generator  were  applied 
to  the  electrodes  with  repetitive  frequency  40  Hz. 
Voltage  pulse  parameters  were  controlled  by  cali¬ 
brated  low-inductive  current  shunt  included  in  the 
coaxial  cable  connected  PVG  with  a  discharge  cham¬ 
ber.  Cable  screen  was  connected  with  the  grounded 
electrode  by  copper  strip. 

The  velocity  of  FIW  front  propagation  in  direc¬ 
tion  from  high  to  low-voltage  electrode  was  measured 
through  the  luminescence  front  propagation  control. 
Emission  from  the  discharge  volume  was  registered 
by  photomultiplier  FEY-87  (300  -  600  nm  spectral 
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region)  moved  along  the  axis  of  the  discharge  volume. 

3.  Results 

At  the  pressures  10“^  — 10  Tor  in  air  it  was  observed 
either  discharge  conically  filled  space  between  elec¬ 
trodes  or  barrel  form  discharge.  At  2-5  Tors  visually 
spatial  violet  shining  was  observed.  With  the  dimin¬ 
ishing  of  pressure  shine  region  near  the  discharge  sell 
axis  arose. 

Dependencies  of  emission  intensity  upon  the  time 
for  the  different  distances  are  represented  on  Fig. 2. 
Mejisurements  were  made  at  20  mm  intervals  in  verti¬ 
cal  direction.  Meiximum  of  intensity  is  reached  after 
a  10  15  ns  after  high  voltage  is  applied  to  the  elec¬ 

trodes  of  discharge  chamber.  Sharp  diminishing  of 
the  emission  intensity  was  observed  as  distance  from 
the  high  voltage  electrode  increased. 


Fig.2:  N2(C'*nu)  — ►N2(S®ng)  system  emission  intensity 
during  disdiarge  development  along  the  discharge  axis. 

FIW  front  propagation  was  determined  from  the 
H  —  t  diagrams  of  the  optical  emission  on  the  base  0- 
18  cm  from  the  high  voltage  electrode  at  the  pressure 
2  Tor  and  0-32  cm  at  the  lower  pressures.  At  the  P  = 
2  Tor  delay  of  the  FIW  velocity  was  observed.  In  all 
the  cases  FIW  amplitude  attenuation  v/as  detected  at 
the  motion  from  high  voltage  to  grounded  electrode. 

Dynamics  of  emission  in  the  cross  section  of  dis¬ 
charge  chamber  have  been  obtained  at  distances  12.5 
and  25  cm  from  the  low  voltage  electrode.  In  the 
both  cross  sections  emission  dependency  has  strong 
maxima  upon  the  time  and  radius.  Increasing  of  the 
emission  with  time  (  40  ns  from  the  moment  of  FIW 
reach  the  cross-section)  corresponds  to  the  registra¬ 
tion  system  aperture  fulfillment  and  emission  inten¬ 
sity  increasing  in  the  every  point  of  discharge  volume 
due  to  finite  curvature  and  duration  of  FIW  front. 
Decay  of  the  emission  explained  by  the  finite  time 


of  electronic  levels  excitation  in  FIW  and  radiative- 
quenching  depopulation  of  these  levels  (Fig.3). 


Fig.3:  N2(C'®nu)  — •■N2(B®ng)  system  emission  intensity 
during  dischetrge  development  in  the  cross-section  12.5  cm 
from  low-voltage  electrode. 

Maximum  of  emission  intensity  dependence  upon 
radius  is  related  to  the  diminishing  of  the  FIW  inten¬ 
sity  with  the  distance  from  the  axis  and  simultaneous 
diminishing  of  the  optical  length  of  gas  gap.  Real 
emission  intensity  distribution  I(R,t)  in  the  cross- 
section  may  be  restored  through  the  reverse  task 
solving.  It  was  obtained  that  intensity  of  the  emis¬ 
sion  drops  very  smoothly:  intensity  from  the  regions 
near  the  walls  was  only  15-20%  less  than  from  the 
center  of  discharge  volume:  (I{Ro,t)/I(0,t)  ~  0.8) 
in  the  both  cross-section  studied. 

4.  Conclusions 

Thus,  opportunity  is  demonstrated  to  realize  free 
boundary  fast  ionization  wave  in  the  big  volume  of 
the  gas.  Obtained  plasma  is  characterized  by  high 
spatial  homogeneity. 

This  work  is  particularly  supported  by  Russian 
Foundation  of  Fundamental  Researches  (Grants  N 
96-03-32746  and  96-02-18297) 
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1.  Introduction 

Ifigh-cuRent  open  discharge  is  one  of  the 
powerful  laboratory  sources  of  radiation  in  the  VUV 
qtectral  region.  Bs  qqilication  to  <^cal  pumping  of 
photolyticalfy  excited  laser  mediums  allows  to  nhtain 
high  output  and  qiecific  laser  energetic  characteristics 
[1*3],  A  variety  of  initiation  techniques,  such  as 
dectiicalty  esqiloding  wires  [1,2],  formed-ferrite 
sui&ce  discharge  [4]  and  dielectric-barrier  discharge 
[3,3,6]  are  qqilied  fbr  spatial  and  temporal  stahiiisBifinn 
of  open  discharges.  The  last-mentioned  mdhod  is 
cortunonly  used  fin:  preionization,  as  plasma  electrode 
[7],  or  fbr  direct  excitation  in  gas  lasers.  Bs  main 
advantages  are  the  possibility  of  pulse  pwriixtic 
toleration  and  achievement  of  large  area  discharge 
plasma  sheet  formation.  However,  due  to  the  relativety 
low  electric  current  density  in  tte  plasma  sheet,  this 
type  of  discharge  has  a  low  brightness  tenqieratore  in 
VUV  bang  tranqjarent  in  this  qiectral  region  [5]. 

The  main  goal  of  our  work  was  to  develop  a  lar^  area 
VUV  radiating  plasma  source  on  the  base  of  multi- 
chant^  sliding  discharge  along  the  surfocd  of  dielectric 
material.  This  approach  allows  to  increase  the  electric 
current  density  in  the  discharge  channels  (relativety  to 
the  plasma  sheet)  which  results  in  plasma  electronic 
and  qitical  densities  rise  that  leads  to  the  inm^.sft  of 
discharge  brightness  temperature  in  VUV.  The  ^yatiai 
expansion  of  plasma  channels  during  the  evritatiftn 
pulse  will  lead  to  obtaining  sufSciently  large  radiating 
area  if  the  charmels  are  formed  closely  to  each  other.  B 
should  be  noted  that  an  optimum  of  plasma  channels 
arraiigement  density  exists  for  fixed  experimental 
conditions  which  is  s^  dependence  of  discharge 
energetic  parameters  on  the  minfoer  of  the  channels 

2.  Experimental  setup 

Schematic  of  the  device  is  introduced  on  Fig.  1.  A 
scheme  with  three  electrodes  is  chosen  in  order  to 
obtain  simultaneous  breakdown  of  seven  parallel  15  cm 
length  8  nun  graced  discharge  charmels.  High  voltage 
and  ground  electrodes  are  fixed  on  the  opposite  girfes  of 
the  Teflon  substrate  and  are  connected  with  the  energy 
storage  capacitor  (Co  =  0.22pF)  Iqr  current  return  metal 
rods  which  are  located  at  1,5  mm  under  the  dielectric 
surface.  Separated  intermediate  trigger  electrodes  are 


charged  iq>  to  the  one  third  of  the  initial  vrdtage  of  foe 
storage  aqradtor  (Vo)  and  driven  by  an  abnqit  Ugh 
voltage  negative  polarity  trigger  pulse. 


Fi^  1 :  Schematic  of  the  e>q)erimental  setiq>. 

Voltage  and  current  wave  forms  were  monitored  with  a 
high-voltage  probe  (Tdctronix  model  P  6015)  and  a 
Rogowsl^  coU,  re^Mcdvely.  Tiine  and  q>atial  piawna 
evolution  was  registred  by  a  fost  gated  intensifiad  CCD 
camera. 


3.  Results  and  discussion 

Fig  2  rq>resents  the  time  evolution  of  the  current  anH 
voltage  of  a  discharge  in  1  atm  of  a  gas  mixture 
Ar:N2=10:l.  The  process  of  gap  breakdown  is 
characterized  by  three  stages  that  were  observed  with 
the  CCD  camera.  During  the  first  stage  (0-200ns)  the 
trigger  pulse  initiates  barrier  discharge  along  foe 
substrate  surfoce  which  results  in  the  right  gap 
breakdown.  Trigger  c^)acitors  (Q,  =  0.14nF)  are 
charged  tq>  to  almost  Vo  tension.  Then  the  left  gap 
breakdown  occurs  allowing  trigger  capacitors  to 
discharge  to  the  ground  electrode  (200-300ns).  During 
the  third  stage  the  discharge  of  storage  c^iacitor  along 
the  formed  plasma  channels  takes  place  which  exhibits 
good  impedance  matching  with  the  load  and  uniform 
radiation  of  the  plasma  channels  (Fig.3). 
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We  found  out  that  the  unifonnity  of  the  plasma 
channels  is  mainly  controlled  1^  the  trigger  pulse 
characteristics  and  that  the  increase  of  charging  voltage 
Vo  leads  to  a  significant  current  pulse  shortening.  We 
observed  that  uniformity  of  the  channek  was  only 
dqrendent  on  the  two  initial  stages.  This  discharge 
behaviour  allows  to  easity  scale  die  main  drcuit 
energetic  characteristics  and  to  teach  plasma  brightness 
temperature  values  in  the  VUV  spectral  region  up  to 
~30  IdC  [1-3]. 


Time  (us) 


Fig.  2  :  Trigger  voltage  (Vtr),  main  voltage  (V)  and 
current  (1)  of  a  discharge  .with  seven 
channels  in  1  bar  of  ArNi  -  10:1  and  a 
charging  voltage  Vq  =  17  KV. 


Fig.  3b  ;  Transverse  section  of  the  spatial  fight 
intensity  distribution  emitted  by  the  plasma 
channels  of  the  surfiKX  discharge  device. 

4.  Conclusion 

In  the  present  work  we  have  proposed  a  multi-chaniiei 
surfioe  discharge  scheme  without  any  high  power 
switch  to  trig  the  main  energy  reservoir.  CCD  rsannn 
studies  have  shown  that  many  parniifi  plasma  diamidu 
can  be  simultaneously  initiated  with  a  high  uniformity 
of  the  plasma  radiadoa  The  scalability  of  the  prqxised 
scheme  energetic  parameters  "laifgg  it  possible 
obtaining  high  brightness  tenqierature  values  in  VUV 
qiectral  regioiL 

The  rqxnt  will  present  a  more  detailed  study  on  the 
perforn^  VUV  radiation  plasma  source  anH  its 
electrical  and  optical  characteristics. 

This  work  was  siqiported  by  the  DRET  (Direction  des 
Recherches  et  des  Etudes  Techniques)  of  the  fiench 
Defense  Agency. 


Hg.  3a  :  Integrated  CCD  camera  photogr^h  of  seven 
plasma  channels  working  simultaneously  in 
1  bar  of  Ar:N2  -  10:1  and  a  charging  voltage 
of  17  kV  (scale  1cm  3  2cm). 
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1.  Introduction 

Corona  discharges  are  of  increasing  importance  for 
jq)plications  like  flue  gas  treatment,  deNO, 
reactions  or  cleaning  of  motor  exhaust  fumes. 
Besides  other  common  geometries  like  point-plane 
or  wire-wire  con-figurations  the  wire-cylinder 
geometry  is  very  popular.  A  good  relation  of 
discharge  volume  to  active  volume  and  the 
possibility  to  implement  optical  diagnostics  lead  to 
a  variety  of  investigations  [1]. 

Optical  emission  spectroscopy  is  a  powerful  tool  to 
study  corona  discharges  [2,3],  The  intensity  of  the 
emitted  light  is  nearly  proportional  to  the  intensity 
of  the  discharge  power  which  is  dissipated  by 
electron  impact. 

2.  Basic  Considerations 

The  mechanical  parameters  of  a  wire-cylinder 
configuration  depend  mainly  on  the  tension  of  the 
wire.  Fixed  at  its  both  ends  the  wire  represents  a 
mechanical  resonance  system  with  the  resonance 
frequency  being  a  function  of  the  wire  tension.  In 
order  to  control  the  tension  we  implement  a  spring 
with  variable  elongation.  The  deformation  of  the 
spring  corresponds  to  Hook’s  law: 

D  . 

or  =  —  Aj 

A 

with  As  being  the  elongation  of  the  spring,  A  the 
sectional  area  and  D  the  elastic  constant.  When 
corona  starts  the  intensity  depends  on  the  diameter 
of  the  wire,  its  distance  to  the  cylinder  and  the 
applied  voltage.  During  DC-voltage  all  parameters 
remain  constant.  Using  AC  voltage  with 


frequencies  near  the  mechanical  resonance 
frequency  of  the  wire  in  the  tube  the  corona 
intensity  oscillates  with  the  supply  frequency  and 
drives  the  wire  mechanically.  Therefore  the 
distribution  of  streamers  in  the  discharge  is  reduced 
due  to  the  wire  being  mechanically  displaced  by  die 
discharge.  Hie  mean  value  of  the  emitted  light 
intensity  decreases  subsequently  corresponding  to 
the  decrease  of  the  discharge  intensity. 

3.  Experimental  Set-Up 

The  investigation  of  the  frequency  dependence  of 
the  corona  intensity  consists  of  three  parts; 

1.  The  AC  power  supply  in  the  range  of  the 
expected  resonance  frequencies. 

2.  The  wire-cylinder  configuration  is  adjustable  by 
a  variable  tension. 

3.  The  optical  emission  is  monitored  on  line. 

The  power  supply  used  in  these  experiments 
provides  20kV  at  currents  of  up  to  5mA  and 
frequencies  up  to  IkHz.  The  signal  form  and  the 
frequency  are  adjusted  by  a  microcontroller  (s. 
figure2). 


liinetion  power  swilcliing  highvotUgc  mtiricr 

genenlor  wpply  device  bHuronner 

Figure  2:  AC  high  voltage  power  supply 


The  discharge  reactor  bases  on  two  tubes  connected 
via  a  M3  8x2  thread.  Turning  one  part  against  the 


movable  ruler 


Figure  1:  Experimental  wire-tube  arrangement 
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other  the  total  length  of  the  reactor  can  be  adjusted. 
Botton  and  top  plates  are  made  of  acryl  glass  and 
teflon,  respectively.  Thus  the  experiments  are  not 
disturbed  by  torsion  problems. 

The  detection  unit  consists  of  an  UV-C-sensitive 
tube  (UV-TRON,  Hamamatsu)  and  the  counting 
electronics  (s.  figure  3).  For  a  predeterminated  time 
of  one  minute  the  unit  counts  all  incoming  UV-C- 
photons  with  a  sensitivity  of  1000  counts  per  10' 
‘^W/cm^.  The  spectral  response  ranges  from  180nm 
to  230nm. 


4.  Results 


Figure  4  shows  the  dependence  of  the  enjitted  light 
as  a  function  of  the  supply  voltage  and  frequency. 


Figure  4:  Emission  intensity  as  function  of 
supply  voltage  and  frequency 


In  this  experiment  the  resonance  frequency  of  the 
reactor  was  adjusted  to  about  300  Hz  at  the 
following  discharge  parameters:  diameter  of  the 
wire:  0.4mm  and  diameter  of  the  tube:  30mm.  The 
intensity  increases  gradually  from  lOkV  to  14kV. 
Over  the  whole  voltage  range  from  lOkV  to  20kV 


an  objective  minimum  at  about  300Hz  can  be 
observed. 

5.  Conclusion 

The  experiments  show  an  intensity  dependence  of 
the  corona  discharge  on  discharge  geometry  and 
mechanical  parameters.  When  using  geometrical 
configurations  like  wire-cylinder  configurations  for 
applications  like  pollution  control  the  user  has  to 
take  into  consideration  the  relation  of  electrical 
(supply  voltage,  frequency)  to  mechanical  (tension, 
geometry)  parameters.  We  can  conclude  that  the 
supplied  electrical  power  is  subject  to  mechanical 
absorption  at  experimental  conditions  where  the 
supplied  frequency  corresponds  to  the  mechanical 
resonance. 
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1.  Introduction 

Up  to  now,  temporary  corrosion  resistance  for  cold 
rolled  steel  is  realized  by  coating  the  surface  with 
oil  at  the  end  of  the  production  line.  Removement 
of  this  oil  is  very  expensive  and  causes  a  lot  of 
environmental  problems.  On  the  other  hand,  the 
process  of  cold  rolling  is  responsible  for 
displacement  errors  e.g.  for  gaseous  enclosures 
which  appear  as  sharp  defects  on  the  surface  (s. 
figure  1).  These  surface  areas  are  corrosion 
sensitive.  Organic  coating  is  a  commonly  employed 
corrosion  resistance  technique  [1].  Polymer  films 
exhibit  the  advantage  of  high  water  resistance. 
Corona-assisted  coating  using  organic  gases  offers 
the  possibility  to  coat  steel  in  an  easy  and  cost- 
effective  manner  under  atmospheric  pressure  [2]. 


Figure  1 :  Defects  in  cold  rolled  steel 

2.  Basic  Mechanisms 

The  use  of  a  point-plane-configuration  in  a  butane 
(C4H,o)  atmosphere  results  in  a  thin  polymer-like 
film  deposited  on  the  substrate.  A  computer 
simulation  of  a  positive  corona  discharge  shows 
electrons  which  are  accelerated  up  to  20keV.  They 
crack  the  butane  chain  when  they  hit  it.  The 
gaseous  molecules  and  the  fragments  of  the 
collisions  are  ionized  or  excited  by  further  electron 
impacts  [3].  TTie  fragments  of  the  butane  are 
radicals  (e.g.  C2H2  or  C3H7)  and  ionized  particles. 
The  ions  are  accelerated  by  the  electric  field 
towards  the  substrate.  When  they  reach  the  steel 
surface  they  firstly  hit  an  oxygen  atom  of  the 
oxidation  layer  of  the  steel  surface.  Through  a 
chemical  reaction  the  ions  should  build  up 
polymer-like  structures  in  combination  with  the 
surface  oxygen  atoms.  The  radicals  generated  by 
the  corona  are  accelerated  in  axial  direction  by  the 


electric  wind  and  in  tangential  direction  by  die 
drifting  ions.  When  they  also  reach  the  surface, 
they  enhance  the  polymerization  reaction. 

The  inhomogenities  of  the  surface  proves  to  be  a 
singularity  of  geometry  which  forces  the  local  field 
to  peak.  Thus  ions  near  these  shrink  holes  are 
deposited  essentially  at  the  edges  of  these  holes. 
Therefore  corona-based  coating  can  be  regarded  as 
a  very  effective  corrosion  protection. 

3.  Experimental  Set-up  and  Procedure 

In  order  to  test  the  efficiency  of  corona  coating  and 
the  influences  of  different  electrode  geometries  of 
different  gas  mixtures  and  of  different  supply 
voltages  a  special  corona  reactor  has  been  designed. 
It  is  connected  to  a  gas  reservoir  of  butane  and 
argon.  Using  a  valve  the  reactor  can  be  filled  with 
air  or  evacuated  to  50mbar.  At  first  the  reactor  is 
flushed  with  argon,  pumped  a  second  time  an  then 
filled  with  butane  or  a  combination  of  butane  and 
argon.  The  reactor  walls  are  made  of  polyacryl  and 
allow  the  scientist  to  observe  the  discharge.  Using  a 
silicon  glass  lens  the  discharge  is  imaged  onto  the 
entrance  slit  of  a  monochromator.  The  spectrally 
resolved  intensity  is  monitored  by  a  multi-channel- 
plate  intensified  CCD  camera'  attached  at  the 
position  of  the  exit  slit  [4]. 


Figure  2:  Schematic  of  the  corona  reactor 

The  electrode  mount  is  designed  for  several  kinds 
of  electrode  configurations.  Besides  a  DC  source 
we  built  up  a  20kV  (5mA,  IkHz)  AC  source  and  a 
pulse-width  modulation-controlled  pulse  source 
(34kV,  84  mJ).  Both  sources  are  provided  with  a 
microcontroller,  a  user  interface  and  a  RS485  serial 
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connection.  In  combination  with  the  stepping  motor 
of  the  monochromator  and  the  programmable 
camera  the  experimental  set-up  is  automated.  All 
components  of  the  set-up  are  prepared  for  the  use  in 
an  integrated  production  process  with  on-line 
control.  The  process  control  is  based  on  the  optical 
emission  spectroscopy  (for  setup  see  [4]). 

4.  Results 

The  first  effect  which  is  observed  during  the 
coating  process  are  soot  spots  on  the  surface  in  the 
centre  of  each  discharge  streamer.  The  rest  of  the 
coating  is  invisible. 

One  of  the  specific  features  of  the  polymer  coating 
is  the  high  water  rejection  function  being  tested  by 
saturating  the  probe  with  steam.  As  shown  in  figure 
3,  an  area  of  diffuse  reflection  is  visible.  These 
areas  correspond  to  the  coating. 


In  order  to  examine  the  coating  ex-situ  several 
scanning  electron  microscope  images  were  taken. 
Figure  4  shows  a  soot  particle  on  a  coated  probe. 
The  SEM  images  do  not  exhibit  the  coating 
directly.  The  only  way  to  recognize  the  effect  is  to 
observe  the  contrast  of  two  images  of  uncoated  and 
a  coated  rolled  steel.  The  sharp  edges  of  the  shrink 
holes  are  smoothed  by  the  discharge  process. 


Figure  4:  SEM-picture  of  the  coated  surface  with 


carbon  particles  in  the  foreground 

The  surface  of  cold  rolled  steel  is  usually  too  rough 
(the  height  of  the  coating  being  thin  as  compared  to 
the  Rq  value)  for  a  correct  thickness  measurement. 
Therefore  a  silicon  wafer  has  been  coated  and 
examined  by  a  scanning  probe  device., The  polymer 
film  does  not  allow  the  use  of  optical  scanning 
probes  and  before  using  a  diamond  needle  probe 
the  coating  will  have  to  be  hardened  by  a  second 


corona  discharge  under  air.  Figure  S  shows  a  height 
plot  with  a  maximum  deposition  of  2  pm. 


Figure  5:  Height  plot  of  a  coated  silicon  surface 

Finally  the  coatings  have  been  tested  for  corrosion 
resistance.  Thus  a  four-days-test  with  sprinkled  salt 
water  is  performed  using  a  probe  being  partially 
coated.  The  untreated  area  corrodes  shortly  after  the 
test.  The  coated  area  is  resistant  but  finally  the 
corrosion  process  surrounds  the  coated  area  and 
begins  to  start  at  the  coated  part  of  the  probe,  too 
(see  figure  6). 


Figure  6:  Probe  after  a  four-day-sprinkle-test 


5.  Conclusion 

In  conclusion  we  can  state  that  corona-assisted 
coating  is  an  efficient  way  to  realize  a  temporary 
corrosion  resistance,  e.g.  for  the  protection  of  steel 
for  transport  purposes. 
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Figure  3:  Probe  saturated  by  steam 
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1.  Introduction 

The  problem  of  ultra  fast  and  spatially  homogeneous 
ignition  of  combustible  mixtures  is  very  topical  for 
internal  combustion  engines  elaboration.  The  aim 
of  present  work  was  an  experimental  study  and  nu¬ 
merical  analysis  of  the  high-voltage  pulse  nanosec¬ 
ond  discharge  adaptation  for  spatially  homogeneous 
ignition  of  H2-O2  mixtures. 

2.  Experimental  setup 

Experimental  setup,  which  provide  separated  and 
controlled  excitation  of  internal  and  tremslational  de¬ 
grees  of  freedom  consists  of  the  shock  tube  -  shock 
wave  generator,  connected  with  the  30  cm-length 
coaxial  discharge  dielectric  section.  Shock  tube  was 
made  from  stainless  steel  and  has  a  square  section 
25  X  25  mm  with  the  low-pressure  channel  length 
1.6  m.  High-voltage  nemosecond  breakdown  ionizar 
tion  waves  in  discharge  section  is  generated  by  pulse 
Marks  generator.  The  voltage  increasing  rate  at  the 
high-voltage  electrode  was  about  0.5  MV/ns.  Total 
energy,  emitting  in  the  discharge  during  25  ns,  was 
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Shock  wave  causes  the  gas  translational  degrees  of 
freedom  heating.  Variation  of  the  reduction  electric 
field  E/N  in  the  discharge  defines  direction  of  the 
energy  contribution.  When  value  of  E/N  is  small 
(~  10“^’^— 10“^®  V-cm^)  the  main  part  of  the  energy 


transmits  to  the  vibrational  degrees  of  freedom  and 
particularly  to  the  rotations.  When  E/N  is  more 
high,  then  effective  gas  ionization  and  excitation  of 
electronic  levels  of  the  molecules  by  electrons  begins. 

3.  Numerical  model 

Numerical  model,  used  in  the  present  work  for  igni¬ 
tion  description  in  the  H2-O2-N2  system,  was  based 
on  the  kinetics  scheme  [1].  This  model  was  com¬ 
pleted  by  the  set  of  reactions,  which  describe  free 
radicab  appearing  due  to  the  ionization  wave  devel¬ 
opment.  It  was  assumed  that  fast  ionization  wave 
can  be  described  as  a  momentary  source  of  the  H, 
O  and  N  atoms.  Atom  concentrations  estimation  at 
the  discharge  break-off  time  (t  ~  25  ns)  was  made 
on  the  basis  of  data  [2-4].  Ionization  wave  influence 
(17  ~  250  kV)  on  the  mixture  H2:02:N2  =  5  :  19  :  76 
induction  time  Tinrf  at  po  —  1  atm  were  shown  on  the 
figure. 

Calculations  shown  additional  increasing  of  the 
dbcrepancy  between  different  ignition  regimes  with 
the  translational  temperature  decreasing  ~ 

10  and  1000  at  T  =  1100  and  1000  K,  respectively). 

4.  Conclusions 

We  demonstrate  a  high  efficiency  of  the  high  volt¬ 
age  ionization  wave  for  spatially-uniform  excitation 
of  the  chemically-reacting  systems.  Data  for  ignition 
tune  delays  was  found  for  oxygen-hydrogen  mixtures 
and  numerical  analysis  of  chemical  kinetics  weis  per¬ 
formed  under  shock  wave  and  high  voltage  ionization 
wave  simultaneous  affection  on  the  gas.  Thb  work 
was  supported  in  part  by  grants  96-0S-32746  and  96- 
02-18297  from  Russian  Bausic  Research  Foundation. 
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1.  Introduction 

Negative  ion  diagnostics  was  made  by  a  probe  in  e.g. 
H*  sources  [1].  The  main  principle  was  in  the  use  of  the 
current  ratio  (CR)  between  electron  and  ionic  parts  of 
the  probe  characteristics.  However,  when  the  negative 
ion  density  ratio  is  not  large,  the  method  is  difficult  to 
evaluate  the  parameter.  Another  reason  is  that,  if  the 
electron  temperature  Tg  is  much  higher  than  the 
negative  ion  temperature  Tn,  the  Bohm  criterion  was 
kept  almost  at  kTq/2.  A  method  of  using  the  second 
derivative  of  the  probe  current  was  thereafter  applied  [2], 
In  strongly  electronegative  gases,  like  iodine,  where  the 
Bohm  criterion  decreases  toward  KTn/2,  the  both 
methods  were  found  to  be  reasonable  [3].  The  change  of 
the  criterion  was  then  fully  analyzed  [4]  and  recently 
using  this  the  CR  method  has  been  refined  for  the  case 
of  relatively  large  negative  ion  density  ratio  [5]. 
However,  all  these  methods  are  valid  only  for  the  case 
where  the  electron  energy  distribution  f(E)  is 
Maxwellian.  In  many  cases  of  plasmas  containing 
negative  ions,  f(E)  is  non-Maxwellian.  In  view  of  these 
facts,  the  purpose  of  the  present  paper  is  to  consider  the 
diagnostics  in  non-Maxwellian  cases. 

2.  Formulation 

We  follow  Allen's  method  [6]  of  using  the  dispersion 
relation  which  is  given  by 

(M  -  kv)2  (CO  -  kv)2  (CO  -  kv)2 

=  1.  (1) 

where  to:  angular  frequency,  k:wave  number,  fg,  fj,,  fj: 
velocity  distributions  for  electrons,  negative  ions  and 
positive  ions,  respectively,  cOpg=Nge2/eom,  (Bp„= 
NnC^/EoMn,  (0p=Npe2/egM,  Ng,  N^,  Np:  densities  of 
electrons,  negative  ions  and  positive  ions,  m,Mn,M: 
mass  of  each  species.  The  integration  is  performed 
along  the  Landau's  contour.  A  steady  state  co=0  is 
assumed.  The  charge  neutrality  holds  at  the  sheath  edge 

Ne  +  Nn  =  Np  .  (2) 

Multiplying  (kXD)^  on  both  sides  of  eq.(l),  we  obtain 
(l-g)  [  fe(v)dv  ^  ^  f  fn(v)dv  ^ 

=(kXD)2/(m<Vg2>/2),  (3) 


where  the  Debye  length  is  defined  as  XDS©pg<Vg>, 
<Vg>:  average  electron  velocity  and  a=Njj/Np.  In  the 
limit  of  IcXq-^O,  and  assuming  fn(v)  is  Maxwellian 
with  a  negative  ion  temperature  Tjj,  we  have 


(l-a)f  fe(v)dv 


(4) 


where  an  asymptotic  formula  in  the  dispersion  relation 
[7]  was  used  for  the  negative  ion  term. 


3.  Sheath  criterion  and  the  positive  ion 
current 

Assume  that  fe(v)  can  be  measured  by  probes  directly  or 
by  using  the  Druyvesteyn  method  [8]  in  the  form  of 
kinetic  energy  distribution  F(E);  E=m\^/2.  The  integral 
of  the  second  term  of  RHS  of  eq.(4)  is  partially 
integrated  and  by  way  of  the  relation  3fe(v)/3v=- 
(m/2)F(E),  eq.(4)  leads  to 

^vf>=  F(E)E-^dE  +  .  (5) 

^  ^  JO  -  ^^n 

In  order  for  positive  ions  to  have  this  kinetic  energy 
at  the  sheath  edge,  the  sheath  edge  potential  Vs  can  be 
expressed  as 


eVs=[(l-a) 


F(E)E-%  -I- 


(6) 


The  positive  ion  density  at  the  sheath  edge  Np  is 
balanced  by  the  electron  density  there  N^  which  is  given 
by  almost  reflected  components  for  a  deeply  negative 
electrcxle  potential  as 


where  Vj  is  the  sheath  edge  potential.  The  negative  ion 
density  Nn  is  given  by 


5nsNn/Nno=exp(-eVs/KTn).  (8) 

Neo  and  Nno  are  electron  and  negative  ion  densities  in 
the  unperturbed  plasma  with  the  density  Nq.  Therefore, 

Neo  Nno  “  Nq.  (9) 

Putting  cto=Nno/No,  we  obtain  from  eq.(7)-eq.(9) 
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a  =  ■ 


5e(l  -  CXo)+tto5n 
The  positive  ion  current  is  given  by 

4=eSNp(2eVs/M)^/2.  g.  probe  area, 
where  eq.(2),  eq.(6)-eq.(8)  should  be  used. 


(10) 


(11) 


4.  Electron  and  Negative  Ion  Currents 

The  electron  current  and  negative  ion  current  are 


4 


4“ 

/eVn 


^  F(E)dE.  (12a) 


I„=SN„oV^^  e-Tn  ;  71=5^,  y=^.  (12b) 
V  2rtMn  kTc  Tn 


In  the  second  method,  the  current  ratio  R=(Is+In)/I+ 
which  is  a  function  of  F(E)  and  tto  is  utilized. 
However,  contrary  to  the  method  of  using  Ip",  eq.(6). 


The  saturated  current  Is  at  Vp=0  (space  potential)  is 

j  _  e^{  .  ao)<Ve> 

4  *•  V  27tMn 

where  <Ve>  is  the  mean  electron  velocity. 

5.  Experimental  study 

Experiments  have  been  performed  in  a  radio  frequency 
(RF)  discharge  in  oxygen  [10].  The  second  derivative 
has  been  measured  by  the  AC  method  [11],  modified 
such  that  by  the  crystal  control  the  superimposed 
frequencies  included  a  prime  number  17  distinct  from 
113  contained  in  13.56MHz  to  avoid  coupling  of 
overtones  with  RF.  Moreover,  symmetric  electrodes 
suppressed  fluctuation. 

Figure  1  shows  the  probe  current  Ip,  and  the  derivative 
Ip"  where  peaks  1,2  denote  electrons  and  negative  ions. 


In  the  first  method,  Nno/Neo(=0to/(l-0io))  is  directly 
obtained  from  the  ratio  of  peak  areas  in  Ip"-curve  as 

Nno=J^T^j”(0)/f  i;(Vp)Vp’^dVp,  (14) 
Neo  '  2  '  Jq 

where  Vp  is  the  probe  voltage  measured  from  the  space 
potential  to  a  negative  bias.  We  obtain  Tjj=0.25eV.  We 
obtain  cxo=0.55  for  O"  and  0.62  for  by  eq.(14). 
Figure  2  shows  the  electron  energy  distribution  F(E) 
compapred  with  Maxwellan  and  Druyvesteyn. 


(8)-(10)  should  be  iteratively  used  to  solve  Oq.  For  the 
data  of  Fig.  1.  we  obtain  R=20,  and  cto  exceeds  0.9. 
The  discrepancy  from  the  first  method  suggests  that  the 
probe  perturbs  the  plasma  and  erroneously  reduces  Is-  It 
is  necessary  to  know  the  value  of  R  for  the  case  without 
negative  ionsto  to  determine  oco  in  a  calibrated  way  [3]. 
Thes  neglect  of  a  finite  kA-j)  effect  in  the  sheath  model 
would  restrict  the  applicability  to  a  relatively  dense 
plasma.  Furthermore,  in  the  case  of  RF  discharges,  the 
effect  of  a  finite  to  should  be  included  for  a  more 
accurate  description  of  the  sheath  criterion  [11]. 

6.  Conclusion 

The  method  of  using  the  second  derivative  is  useful  for 
negative  ion  diagnostics  when  Tn  is  so  low  that  the 
negative  ion  peak  2  in  Ip"  is  separable  from  that  of 
electrons.  In  the  opposite  case,  which  happens  e.g.  in 
DC  hollow  cathode  discharges  in  electronegative  gases 
[12],  the  CR  method  becomes  inevitable  but  should  be 
used  by  calibrating  R  with  that  of  electropositive  gases. 
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1.  Introduction 

The  kinetics  of  the  generation  of  reactive 
species  in  plasma  is  controlled  by  the  electron  energy 
distribution  function  (EEDF).  Only  Langmuir  probe 
diagnostic  method  leads  concisely  to  such  quantity  after 
calculation  of  the  second  derivative  f(E)  of  the  probe 
characteristic.  Although,  the  widely  used  cylindrical 
probe  permits  a  reliable  determination  of  f(E)  only  for 
energies  less  than  9  kTe  [1],  due  to  the  important 
contribution  of  the  ion  current  second  derivative  in  f(E) 
at  high  energies.  To  determine  f(E)  more  precisely  at 
high  energies,  spherical  or  planar  probes  are  suitable, 
because  they  are  insensitive-tcr  the  ion  part  in  the  second 
derivative.  Notice  that  in  spherical  probe  the  ion  current 
varies  linearly  with  the  voltage  while  in  the  planar  one 
it  is  constant.  This  obviously  leads  to  zero  second 
derivative  of  the  ion  current  and  therefore  to  more 
reliable  determination  of  f(E)  at  high  energies. 

Moreover,  still  doubts  exist  in  the  high  energy 
tail  of  f(E)  due  to  the  contribution  of  noise.  Therefore, 
it  seems  necessary  to  check  the  validity  of  the  second 
derivative  by  means  of  other  simple  and  reliable 
discharge  diagnostic  methods  like  optical  emission 
spectroscopy. 

Here,  for  a  particular  spectral  line. in  RF  argon 
discharge  at  different  powers  and  pressures,  we  report 
comparisons  between  optical  emission  intensities 
measured  by  spectrophotometer  and  those  calculated  by 
integration  of  the  probe  measured  electron  energy 
distribution  function  multiplied  by  the  excitation  cross 
section  of  the  considered  spectral  line. 

2.  Experimental  method  and  apparatus 

The  RF  plasma  reactor  used  for  the  study  has 
been  described  in  detail  elsewhere  [2].  Briefly,  it 
consists  of  a  6-in. -diameter  Pyrex  glass  vessel 
containing  two  parallel  plates  of  8  cm  diameter 
separated  by  a  distance  of  2.5  cm.  The  power  was 
supplied  to  the  electrodes  by  a  13.56  MHz  RF  oscillator 
through  a  matching  element  of  the  bridge  type.  The 
plasma  was  confined  in  a  multicusp  magnetic  field  MC 
of  SmCo  magnets  constructed  in  a  drum-type 
configuration.  After  evacuating  the  vessel  by  a  diffusion 
pump  below  10'^  Torr,  argon  gas  was  introduced 
through  a  mass-flow  controller  in  the  range  of  10  to 
220  mTorr.  A  stainless  steel  plane  probe  with  a 
diameter  of  3  mm  was  placed  at  the  discharge  center 
between  the  two  electrodes.  To  avoid  distortion  of 
current-voltage  probe  characteristics  [3],  due  to  the  fall 
of  the  RF  plasma  voltage  and  its  harmonics  in  the 
probe-sheath  impedance,  an  original  filter,  using  coaxial 
cables  with  distributed  constants,  was  designed  [4].  Data 


of  the  probe  characteristics  were  acquired  and  processed 
by  a  personal  computer.  The  electron  energy 
distribution  function  and  the  electron  density  were 
determined  from  the  numerical  second  derivative  [5]  of 
the  probe  current- voltage  characteristic . 

The  optical  emission  of  the  plasma  was 
gathered  to  the  photomultiplier  through  a  2  mm 
diameter  optical  fiber,  which  is  set  behind  the  quartz 
viewing  port,  in  the  same  horizontal  level  as  the  probe. 

3.  Results  and  discussion 

When  the  electron  plasma  density  is  low  as  in 
our  case  (ng  ~  10*- 10*°  cm'^  )  [6],  the  plasma  can  be 
described  by  a  corona  equilibrium  model  [7].  In  this 
model,  the  excited  states  are  formed  by  direct  impact  on 
ground  state  species  of  argon  and  the  de-excitation  is 
postulated  to  appear  radiatively: 


Excitation:  Ar  -t-  e  — >  Ari*  -i-  e 


De-excitation:  Ari* - >  Arj*  +  cojj 

(Dij  is  the  photon  energy  arising  from  the  transition 

i - >  j  of  the  excited  argon  atom  Arj*.  Taking  into 

account  the  equilibrium  between  the  rate  of  excitation 
and  de-excitation  in  the  steady  state,  the  intensity  ly  of  a 
particular  spectral  line  at  frequency  vjj  can  be  given  by: 
r' 


Iij  =  Nne 


l(mj2F(E)aij(E)dE 


where  N  is  the  concentration  of  the  ground  state  species 
of  argon,  crij(E)  is  the  excitation  cross  section  for  the 
emission  of  a  photon  of  frequency  vjj.  F(E)  is  the 
electron  energy  distribution  function  and  m  is  the 
electron  mass. 

The  spectral  line  chosen  for  the  study 

corresponds  to  the  atomic  argon  transition  3p®4p - > 

3p^4s  at  a  wavelength  750.3  nm  and  its  excitation  cross 
section  is  well  known  [8].  This  line  is  intense  and  can 
be  measured  easily  for  variable  plasma  conditions. 
Although,  the  population  of  the  upper  level  3p54p  is 
mainly  ‘aiie  to  the  electron  excitation  of  argon  atoms 
from  the  ground  state.  Contributions  to  this  population 
from  de-excitation  of  other  levels  are  negligible  at  low 
pressures. 

Figure  1  shows  the  measured  electron  energy 
probability  function  (EEPF  or  f(E)  )  for  variable 
pressures  at  a  fixed  power  4  watts.  The  shape  is  bi- 
Maxwellian  and  the  processes  leading  to  such  behavior 
are  well  described  elsewhere  [1]. 
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Fig.l  EEPFs  in  argon  at  variable  pressures 


The  calculated  emission  intensity  from  these 
EEPFs  is  shown  in  fig.2.  Notice  that  the  increase  of  the 
intensity  observed  at  30  and  40  mTorr  is  predictable 
from  the  observation  of  the  EEPF  which  contains 
bigger  amount  of  high  energy  electrons  at  these 
pressures.  Thus,  this  leads  to  more  excitation  of  ground 
state  argon  atoms  and  to  more  de-excitation. 


Fig.2  Calculated  and  measured  emission  intensities  at 
variable  pressures 

For  all  pressures,  the  calculated  and  measured 
optical  intensities  show  good  qualitative  agreement. 
This  asserts  the  validity  of  our  measured  electron  energy 
probability  functions  at  high  energies  and  makes  the 
choice  of  the  planar  probe  more  convenient.  The  slight 
disagreement  observed  at  high  pressure  (220  mTorr) 
should  be  due  to  the  appearance  of  other  de-excitation 
mechanisms  of  the  argon  excited  atoms  such  as 
collisions  with  ground  state  argon  atoms,  making  the 
calculations  by  the  corona  model  non  valid. 
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Fig.3  EEPFs  at  variable  powers 


The  measured  EEPFs  at  variable  powers  for  a 
fixed  pressure  80  mTorr  are  shown  in  fig.3,  while  the 
calculated  and  measured  emission  intensities  are 
represented  in  fig.4. 


Fig.4  Calculated  and  measured  emission  intensities  at 
v^ble  powers 

Here  also  good  qualitative  agreement  is  found 
between  the  two  intensities.  This  confirms  the  validity 
of  planar  probe  measurements  at  high  energies  and  their 
insensitivity  to  the  second  derivative  of  the  ion  current. 
For  the  variable  pressures  and  powers  considered,  the 
argon  excitation  cross  section  is  higher  in  the  energy 
range  between  15  and  30  eV.  This  helps  to  reduce 
errors  in  emission  intensity  calculations  due  to  the 
limitation  of  f(E)  until  40  eV. 

Finally,  the  validity  of  probe  measurements 
checked  by  optical  measurements  will  allow  a  reliable 
application  of  our  measured  electron  energy  distribution 
functions  in  the  simulation  of  chemical  processes  in 
argon  RF  discharges. 
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1.  Introduction 

There  are  various  methods  of  spectroscopic 
characterization  of  a  high  pressure  mercury  discharge  [1] 
if  the  plasma  is  in  local  thermodynamic  equilibrium 
(LTE).  These  methods  are  based  mainly  on  the 
measurement  of  the  total  intensity  of  optically  thin 
spectral  lines. 

Number  density  of  excited  atoms  can  be  determined  by 
emission  spectroscopy.  However,  the  ground  state 
density  which  represents  the  major  part  of  the  atomic 
density,  can  only  be  deduced  from  such  measurement  if 
LTE  is  assumed. 


storage  of  experimental  data  are  carried  out  by  an 
automated  system  controlled  by  a  personal  computer. 

A  detailed  description  of  the  experimental  set  up  is 
given  by  SewraJ  et  al  [3]. 


Discharge 

filling 
mHg  (mg) 

Uarc 

(Volts) 

larc 

(A) 

Power 

(W) 

D1 

4 

48 

3.2 

150 

D2 

8 

52 

3.2 

164 

D3 

16 

74 

3.2 

288 

D4 

70 

151 

3.2 

400 

Table  1.  Characteristics  of  the  studied  discharges. 


Nevertheless,  recent  measurements  in  mercury  arcs 
suggest  the  existence  of  departures  from  the  thermal 
equilibrium  in  the  axis  and  in  the  periphery  of  such  an 
arc  [2]. 

In  this  present  study  we  describe  a  procedure  fcr 
determining  the  local  ground-state  density  in  a  high 
pressure  mercury  discharge.  This  method  is  based  on 
the  properties  of  the  strongly  self-reversed  resonance  line 
X,=253.7  nm.  This  method  can  be  applied  to  a  large 
range  of  pressure  (0.2  to  5  bar),  and  does  not  require  any 
knowledge  of  the  thermodynamic  state  of  the  system. 
Indeed,  we  established  a  relation  between  the  position  rf 
the  wavelength  at  the  maximum  intensity  of  the  red 
wing  resonance  line  and  the  atomic  ground-state  density 
regardless  all  other  parameters  of  the  plasma. 

2.  Experimental  set-up 

The  measurement  of  the  apparent  line  profile  is  carried 
on  by  a  monochromator  (THR1500)  with  a  dispersion 
less  than  1.3  A/mm  working  in  double  pass 
configuration.  The  alignment  of  the  optical  system  is 
performed  with  a  He-Ne  laser  beam.  The  detection 
system  is  a  photomultiplier  tube  having  a  good  ultra¬ 
violet  response  and  fitted  with  a  time  resolving 
electronic  device  allowing  temporal  measurements. 

We  worked  on  a  set  of  cylindrical  lamps  of  same 
internal  diameter  (18.2  mm)  and  inter-electrode 
distance  (72  mm).  The  main  filling  and  electrical 
characteristics  of  the  studied  discharges  are  given  in 
table  1. 


3.  Ground  state  density 

3.1  Line  profile 

The  local  profile  of  the  self  reversed  resonance  line 
(X=253.7  nm,  6^Pi-6'So)  has  been  studied  by  many 
authors  [5,6...].  In  a  reeent  communication  [4]  we  also 
studied  the  shape  of  the  apparent  line  profile  of  this  line. 
So,  we  showed  that : 

(i)  the  blue  wing  of  the  resonance  line  can  be  described 
by  a  Lorentzian  profile  with  a  constant  half  width. 

(ii)  the  red  wing  can  be  represented  in  Van  der  Waals 
interaction  by  the  quasi-static  approximation  with 
AXo  (AXo=Cw  nHg^)  as  characteristic  width. 

According  to  Stormberg  [5]  the  total  line  profile  can  be 
approximated  by  the  convolution  of  the  Lorentzian  and 
the  quasi-static  profile 

3.2  procedure 

Bartels  [7]  has  shown  that,  for  the  self-reversed 
resonance  line,  the  maximum  occurs  for  optical 
thickness  To  very  close  to  2.  It  may  be  written,  at  the 
wavelength  of  the  maximum  intensity  of  the  red  wing  : 

Xo 

<^r)=  jK:(;iR,x)dx  =  2  (1) 

-X|) 

where  K(^r,x)  is  the  local  absorption  coefficient  at  the 
wavelength  Xr  which  is  proportional  to  the  ground- 
state  density. 

At  the  wavelength  of  the  reversal  maximum  of  the  red 
wing  we  can  write  that  |A,r-X,o|»A>,o.  Thus  the 
expression  of  the  local  profile  at  Xr  can  be  written  ; 


Time  resolved  intensity  measurements  are  made 
midway  between  the  electrodes.  Acquisition  and 


P(AX,)  = 


^o) 


,3/2  "Hg 


(2) 
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Combining  equations  1  and  2,  one  can  obtain  : 

Xo 

=  JnHg^(x)dx  (3) 

-Xo 

where  a  is  a  constant  characterizing  the  resonance  line 
equal  to  1.428  lO"'  m  '^". 

It  follows  from  equation  3  that  the  mercury  density 
depends  only  on  the  Xr  position.  So,  we  have  measured 
the  apparent  line  profile  at  different  radial  position  from 
the  arc  axis  (figure  1)  and  established  the  ground  state 
densities  using  Abel  inversion. 


0  \(9mm)  1  2 


AX  (A) 

Figure  1.  Apparent  line  profile  of  the  253.7  nm 
resonance  line  (red  wing)  at  different  radial  positions. 

4.  Results  and  conclusion 

We  first  check  the  applicability  of  this  method  under 
LTE  conditions  by  investigating  the  D4  discharge. 
Because  of  its  high  pressure  this  discharge  is  assumed  to 
be  close  to  LTE.  The  results  are  shown  in  figure  2 
together  with  the  values  obtained  by  assuming  LTE. 


Figure  2.  Measured  ground-state  density,  ( _ ) : 

calculated  under  LTE  assumptions  ;  (....):  calculated 
using  the  reversal  maximum  of  the  red  wing. 


Furthermore,  as  far  as  the  discharges  referenced  in  table  1 
are  concerned,  we  have  determined  the  radial 
distribution  of  ground-state  density  by  applying  the 
method  described  in  section  3.  Here  we  give  the  result 
corresponding  to  the  D1  discharge  (figure  3).  (D4). 


Figure  3.  Measured  ground-state  density,  ( _ ) : 

calculated  under  LTE  assumptions  ;  (....) :  calculated 
using  the  reversal  maximum  of  the  red  wing.  (Dl). 

As  it  can  be  seen  in  figures  2  and  3,  a  good  agreement  is 
found  for  the  more  loaded  discharge  but  discrepancies 
appears  for  the  low  loaded  discharge. 

Three  main  advantages  are  to  be  retained  : 

i)  this  method  does  not  require  the  LTE  assumption; 

ii)  no  additional  information  is  needed  such  as  pressure 
and  temperature; 

iii) only  relative  values  of  the  apparent  line  profiles  are 
needed. 
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1.  Introduction 

Containing  nitrogen  flowing  post-discharge  are 
studied  for  surface  treatments  like  steel  nitriding  [1].  The 
thickness  and  the  composition  of  y  and  e  iron  nitride 
layers  are  strongly  dependent  on  the  atomic  nitrogen 
content  in  the  gas  phase  [2].  The  determination  of  atomic 
nitrogen  density  can  be  achieved  by  NO  titration  in  N2, 
Ar-N2  and  Ar-N2-H2  post-discharges  [3],  With  this 
method,  the  accuracy  of  the  measurements  is  strongly 
dependent  on  the  way  NO  diluted  in  argon  is  introduced 
in  the  zone  where  the  titration  occurs.  Indeed,  the 
formation  of  atomic  oxygen  from  NO  and  its  reaction 
with  either  N  or  NO  to  produce  respectively  NO(B)  and 
NO2*  is  rather  slow.  Therefore,  the  mixture  conditions 
determine  a  minimum  distance  over  which  the  diagnostic 
is  available.  Otherwise,  measurement  of  the  nitrogen 
atom  density  is  perturbed.  The  aim  of  the  present  work  is 
to  describe,  by  a  3D-modeling,  the  influence  of  the 
mixture  conditions  on  the  determination  of  N  atom 
density.  For  this  reason,  no  care  was  taken  to  mix  the  gas 
so  that  the  worse  mixture  conditions  are  studied  to 
validate  the  modeling. 

2.  Experimental  apparatus 

NO  titration  method  is  fiilly  described  elsewhere 
[3].  It  is  done  here  in  a  quartz  cylinder  of  28  nun  ID.  The 
plasma  is  created  by  a  surfaguide  wave  launcher  with  a 
power  equal  to  130W.  Ar-5%N2post-discharge  enters  this 
cylinder  in  a  quartz  tube  of  5  mm  ID  at  70  cm  from  the 
plasma  outlet  whereas  the  1.4%NO-Ar  mixture  is 
introduced  via  a  manifold  of  0.5  mm  ID.  With  a  total 
plasma  flow  rate  of  1050  seem,  at  1500  Pa,  assuming  all 
the  temperatures  equal  to  300  K,  the  extinction  is 
obtained  at  Q(No-Ar)=85  seem,  what  leads  to  [N]=4.1  10'** 
cm"^,  i.e.  a  total  mass  fraction  of  4.16  10"^. 

3.  Modeling 

The  model  used  in  this  study  is  obtained  by  solving 
the  conservation  equations  of  continuity,  momentum  and 
energy.  Equations  are  solved  considering  a  stationary 
state.  Pressure  in  the  system  is  assumed  large  enough  to 
consider  the  gas  phase  as  satisfying  the  conservation 
equations  in  a  continuum  medium  (the  knudsen  number 
is  2  10'^).  The  set  of  partial  differential  equations  which 
expresses  the  conservation  of  component  i,  momentum 
and  energy  is  closed  by  the  ideal  gas  law  : 

(1)  V.(pcOiV-DipV(Oi)  =  S(oi 

(2)  V.pvv  -  V.T  = -VP  +  pg 

(3)  V.(pCpTv-kVT)  =  ST 

p  is  the  fluid  density;  v  the  velocity;  toj  the  mass  fraction 
and  S^i  is  the  consumption  source  of  the  reactive  species 
(the  reaction  rates)  as  specified  further.  The  species 


balance  (1)  can  be  solved  to  yield  the  mass  fraction 
fields.  The  dilution  assumption  in  argon,  for  each  reactive 
species,  allows  the  use  of  a  simple  form  of  Pick's  law,  Dj 
is  then  considered  as  the  binary  diffusion  coefficient  in 
argon.  X  is  the  stress  tensor,  pg,  T,  P,  Cp  and  k  are 
respectively  the  gravitation  force,  fluid  temperature, 
pressure,  specific  heat  at  constant  pressure  and  thermal 
conductivity.  Sx  are  heat  sources.  The  flow  is  laminar 
(Reynolds  number  is  20).  The  kinetic  model  used 
herein  is  based  on  that  described  by  [3]  and  completed  by 
reactions  neglected  by  these  authors.  ITie  set  of  reactions 
and  the  kinetic  rates  used  are  described  in  tgble  1. 


Table  1  :  Reactions  considered  for  the  modeling  at 
300  K  (units  are  s  '  or  mol' m^  s-'or  mol'^  m*^  s~') 


Volume  reactions 

N+NO-^  N2+O 

k,=2.23  10'' 

[3] 

N+Oh-M-^  NO+M 

J^2{M=Ar)=2.75  10^ 

[7] 

1^2(M=Ar)=3.62  10^ 

[7] 

N+0+M->  NO(B)+M 

*^3(M=Ar)=8.99  10' 

[3] 

Jf3(M=N2)=I-12  10^ 

[3] 

N+N+M->  N2+M 

*9t(M=Ar)=3.7  10^ 

[4] 

NO+0+M-»  NO2+M 

^^5(M=Ar)=l-191B* 

[5] 

NO+0+M->  N02*+M 

*^5(M=N2)=L1910* 
k6(M=N2)=l-34  10“ 

[3] 

*^m=n2)=2-10  lO'* 

[3] 

NO(B)->  NO+hv 

k7=5  105  s-i 

[6] 

NO(B)+M-»  NO+M 

•^8(M=Ar)=2.11  105 

J^8(M=N2)=2.11  105 

[7] 

N02+0^  O2+NO 

k9=5.72  10« 

[5] 

N02*-»  N02+hv 

k, 0=2.5  10"  S-' 

[3] 

N02*+M— »  N02+M+hv 

*fn(M=Ar)=2.35  10^ 

[3] 

lfn(M=N2)=3.61  10^ 

[3] 

^2(^) — ^  N2(A)+hv 

ki2=105 

[2] 

0+0+M-+  O2+M 

*'^I3(M=Ar)=3.78  10^ 

[7] 

Surface  reactions 

N-+1/2  N2  on  quartz 

y,=l0-4 

[8] 

0— >1/2  O2  on  quartz 

72=1.4  10-4 

[9] 

The  (Oz)  velocity  component  Vz  is  assumed  to  be 
zero  on  the  walls  parallel  to  (Oz).  The  mesh  is 
20x35x50  cells  for  tp,  r,  z  in  cylindrical  coordinates. 
Incorporating  the  axisymmetry  assumption,  the 
computational  domain  is  reduced  to  a  half  of  the 
reactor.  The  implicit  Phoenics  code  is  used  for  this 
calculation.  Radial  dimension  is  multiplied  by  a  scale 
factor  of  5  for  the  presentation  of  results. 

The  inlet  mass  fractions  of  N,  NjIB),  N,,  NO  are 
respectively  taken  equal  to  4. 16  10-^,  1  IO'^cJn  [10],  3.38 
10-2,  1.06  10-2  (before  mixture).  The  choice  of  this  latter 
value  corresponds  to  the  extinction  conditions. 
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Thermal  conductivity,  heat  capacity  and  viscosity  of 
mixtures  are  estimated  by  considering  pure  argon 
properties,  assuming  a  very  diluted  medium.  Binary 
diffusion  coefficients  in  argon  are  given  in  table  2. 


Table  2  :  Binary  diffusion  coefficients  in  argon 


DN/Ar=1.12  10^T'«8/P 

[11] 

Dn2/af1-71  lO-^T'-’S/p 

[12] 

Do/Ar=5.85  lO-'^T'  ^/P 

[13] 

Do2/Ar=l-71  lO-'fT'-’VP 

[14] 

Dno/afLOO  10-»T'-75/P 

[15] 

DNO(B)/Ar=1.00  10-4Tl-75/P 

Equal  to  Dno/At 

Dn02/af6.24  10-«  T1”/P 

t 

DN02*/Ar=6.24  10^  T>  75/p 

Equal  to  DN02/Ar 

t  Calculated  from  critical  values  available  in  [14]. 


4.  Results  and  discussion 

The  calculations  were  performed  at  the  extinction 
point,  and  compared  with  experimental  results  obtained 
by  photographs  and  reproduced  as  a  drawing  on  Fig.  1. 
The  correlation  between  the  modeling  and  the 
experimental  results  is  then  carried  out  qualitatively. 
The  lengths  for  the  mixture  of  both  gases  are  very  close 
to  those  calculated.  In  each  case  (Fig.  1  and  2)  a 
mixture  length  of  0.15  m  is  found.  All  the  species  mass 
fraction  fields  are  provided  by  the  model. 

/purple  y  green  yorange 


^Ar-NO 

_s<-post- 

dischaige 

Ar-N2 


z=1.5  10-*  m 


Fig.  1  ;  Drawing  from  a  scanned  photograph  of  N 
titration  by  NO.  Conditions  are  given  within  the  text. 


Fig.  2  :  NO2*  mass  fractions  calculated  by  the  model. 


The  yellow-orange  emission  of  the  I'*'  system  is  very 
well  explained  by  the  model.  In  the  N  stream,  the  mass 
fraction  of  N  atoms  evolves  from  4.16  lO''*  to  8.32  10'^ 


over  0.12  m.  The  dark  zone  between  the  two  streams  is 
also  given  by  the  calculations. 


Fig.  3  :  NO(B)  mass  fractions  calculated  by  the  model. 


Fig.  3  shows  that  the  mass  fraction  of  NO(B)  is  very 
weak  when  compared  to  NO2*  and  that  is  why  the  N 
stream  turns  from  the  orange  to  the  green.  The  very  pale 
purple  NO(B)  emission  stands  at  the  end  of  the  mixture 
zone  and  is  due  to  the  fact  that  the  experiment  was  carried 
out  at  a  NO  flow  rate  of  85  seem  which  is  very  slightly 
greater  than  the  extinction  point.  NO(B)  is  still  present 
when  NO2*  is  completely  consumed.  The  model  permits 
predictions  on  the  mixture  length  required  to  do  accurate 
titration  but  also  will  help  to  conceive  mixture  devices. 
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l.Introduction 

The  aim  of  this  work  is  to  obtain  some  experimental 
values  of  temperature  and  electronic  density  in  arcs  with 
ablated  wall  in  silica.  Arcs  are  due  to  the  vapcxisadon  of 
silver  (or  copper)  fuse  elements  in  silica  sand.  The  main 
tq)plication  of  this  type  of  study  is  in  the  manufacturing 
of  fuses.  At  the  present  time,  the  electrical 
characteristics  of  a  fuse  are  essentially  determined  by  its 
geometry,  fot  instance  :  the  width  and  the  thickness  of 
the  element,  the  section  of  the  striction,  the  number  of 
strictions,  the  granulometric  composition  of  the  sand. 
Modelling  estimations  concaning  the  prearcing  period 
are  well  established  as  they  generaly  take  into  account 
the  different  ways  of  heat  transfer  [1].  On  the  other  hand, 
phenomena  connected  with  arcs  are  not  well  known. 
Empirical  methods  are  often  used  to  study  this  part  of 
the  phenomenon  [2].  Some  calculations  also  can  be 
attempted,  but  one  needs  to  know  the  values  of  the 
temperature  and  the  conductivity  of  the  arc  plasma  [3]. 
So,  the  question  which  takes  precedence  over  all  others 
is  to  know  the  temperature  and  electronic  density  in  the 
arc  plasma,  which  determine  then  the  electrical 
properties  of  fuses. 

Spectroscopic  methods  have  been  previously  reported  [4] 

[5] ,  which  use  metallic  lines  or  use  Si  lines. 
UnfcKtunately  in  the  latter  case,  niters  were  used  instead 
of  q)ectrometer  recording.  We  will  see  that  this  may 
induce  some  errors  in  temperature  estimations. 

2.ExperiinentaI  set  up 

Fuse  elements  have  an  effective  length  of  36  mm,  are 
0.105  mm  thick,  5  mm  wide,  99.99%  pure  silver  (or 
coppo").  They  have  a  single  row  of  notches  (0.5  mm  in 
diameter)  punched  in  the  center  of  the  strip. 

To  permit  spectroscopic  measurements,  we  have  used 
special  fuses  which  are  like  a  half-fuse  with  a  glass  wall 

[6] .  On  the  one  side,  a  4  mm  wide  glass  wall  is  put  on 
the  fuse  element  On  the  other  side,  the  fuse  is  filled 
with  silica  grains  with  a  mean  diameter  of  0.4  mm.  To 
obtain  arcs  in  it,  a  capacitor  bank  is  used,  which  can 
release  an  energy  of  2100  J.  The  test  fuse  is  associated 
with  a  1.5  meter  focal  length  spectroscope  with  two 
gratings  (600,  2400  grooves/mm).  The  detector  is  a 
Charge  Coupled  Device  array  (512x512  pixels).  The 
CCD  detector  is  used  in  streak  mode  operation  (also 
called  kinetic  mode).  The  light  is  focused  on  a  limited 
area  of  the  array  (10  or  15  rows  high),  succesive  spectra 
are  acquired  and  then  shifted  down  to  the  rest  of  the  array 
providing  a  storage  area  for  data.  An  electronic  control 
gear  enables  us  to  visualise  the  exact  timing  of  spectra 


acquisitions  (as  short  as  0.1  ms  each)  associated  with 
the  behavior  of  the  currenL 

3.  Experimental  results 

3.1  Metallic  lines  measurements 

Previous  experiments  have  been  carried  out  with  a 
shorter  focal  length  spectroscope  (500  mm),  and  an 
exposure  time  longer  (30  ms)  than  the  phenomena.  We 
have  seen  that  only  Cu  lines  at  511  and  515  nm  were 
suitable  for  our  measurements.  Morever,  it  is  well 
known  [7]  that  these  lines  are  not  often  self-absorbed. 
The  spectra  obtained  with  our  existing  spectroscope 
show  a  high  level  of  continuous  ligth  which  can 
overshadow  lines,  and  this,  particulariy  during  the  flow 
of  current  (Fig.l).  It  is  interesting  to  note  that  this 
result  shows  up  the  weakness  of  temperature 
measurements  obtained  by  the  way  of  filters  rather  than 
spectroscopic  viewing.  Nevertheless  it  is  possible  to 
calculate  temperatures  where  metallic  lines  emerge  from 
the  continuous  lumen.  The  ratio  of  relative  lumen 
intensity  of  515.32  and  510.55  nm  (respectively  Em- 
En=6.19-3.79  eV,  Em-En=3.82-1.39  eV),  of  Cu  is  used 
to  calculate  plasma  temperature.  It  is  seen  on  ¥ig2  that 
temperatures  around  12000K  are  obtained  after  the  flow 
of  current.  We  have  to  note  that  this  method  gives  us 
temperature  values  for  the  outer  layer  of  the  plasma,  due 
to  the  phenomenon  of  ionic  migration  as  Agl  or  Cul 
particules  have  a  lower  ionisation  potential  than  Sil 
particules.  Morever,  these  lines  cannot  measure  higher 
temperatures  because  of  their  characteristics  of 
emissivity  against  temperature.  To  obtain  inner  layer 
temperature  values  we  tried  to  use  Si  lines. 

3.2  Si  lines  measurements 

Numerous  viewings  of  spectral  areas  where  previous 
authors  had  observed  Si  lines  have  been  done.  The  lines 
observed  in  our  plasma  are  reported  in  Tab.l.  To  carry 
out  calculations  about  these  lines  it  is  necessary  to 
verify  that  they  are  not  self-absorbed.  Self  absorbtion 
may  be  due  to  the  reabsorbtion  of  the  cold  outer  layer  of 
the  same  element  which  has  a  lower  electronic  density 
[8].  We  verified  on  Sill  multiplets  (2)  and  (4)  the  ratio 
between  line  strenght  due  to  L-S  coupling  [9].  The 
results  are  given  on  Tab.l.  It  shows  that  there  is  no 
self-absorbtion  for  these  lines.  Subsequent 
measurements  will  have  to  be  done  with  a  suitable 
spectroscope,  which  will  enable  us  to  obtain  a 
temperature  estimation  of  the  inner  layer  of  the  plasma. 
We  have  also  studied  the  profile  shape  of  the  Sill  lines 
obtained  (fig.3).  The  lines  have  a  Lorentz  profile,  which 
permits  us  to  verify  that  broadening  is  due  to  the  Staik 
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effect  An  extrapolation  of  results  obtained  by  Lesage  et 
al.  [10]  with  a  different  kind  of  plasma  gives  us  a  value 
for  ne  between  2.5  and  4,101'^  cm'3. 


lumen  intensity(a.u.)  cunient(A) 


0  10  20  30 

Fig.l :  current  (1)  and  continuous  lumen  (2)  waveforms 
against  time  (1  track=0^ms). 


temperature  (K)  cunent(A) 


10  2D 


Fig.2 :  current  (1)  and  temperature  (2) 
waveforms  against  time  (1  track=0.2ms). 

lumen  (a.u.) 


630  6325  6330  6325  MOD  642S 

Fig.3:  Sill  multiplet  profile  shape  at  635.5  Inm. 


Si  state 

wavelength 

(nm) 

highlevel 

(eV) 

line  strength 
S  (u.at) 

ratio 

n 

637.14 

10.06 

17.7 

n 

634.71 

10.07 

35.3 

2(th) 

II  (2) 

635.51 

53 

1.9  (exp) 

n 

597.89 

12.14 

17 

1.9  (th) 

n 

595.76 

12.14 

8.7 

II  (4) 

597.21 

26 

1.7  (exp) 

I 

390.55 

5.08 

1.28 

Tab.l:  tabulated  characteristics  of  lines  detected  in 
our  plasma. 


4. Conclusion 

The  recffl-ding  of  the  evolution  of  spedctra  against  time 
has  enabled  us  to  see  that  during  the  maximum  flow  ot 
current  the  light  emitted  was  mainly  given  by 
continuous  lumen.  Any  measurements  based  on 
luminous  intensity  of  lines  should  take  this  into 
account 

At  the  present  time,  it  seems  that  electronic  densities 
between  2.5  and  4.10f7  cm'^  and  temperatures  higher 
than  12000K,  can  be  reached  in  plasma  fuses.  In  such 
conditions,  the  attenuation  caused  by  the  liquid  layer  of 
silica  surrounding  the  plasma  [11]  of  the  ligth  emitted 
should  be  taken  into  account 
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Abstract 

A  study  concerning  the  validity  of  the  actinometry 
method  applied  to  H-atom  density  measurements  is 
carried  out.  A  theoretical  approach  and  measurements 
involving  Two  Photon  Allowed  Transition  (TALIF) 
and  Optical  Emission  Spectroscopy  (OES)  are  used. 

1-  Introduction 

In  low  pressure  diamond  deposition  reactors  operating 
in  Hj  +  CH4  mixtures,  the  role  of  the  H  atoms  is 
now  largely  accepted.  Measurements  of  H-atom 
concentration  in  volume  and  at  the  plasma  /  surface 
interface  may  provide  a  better  control  of  the  diamond 
deposition  reactors.  Although  laser  diagnostics 
allowing  these  measurements  are  available  today, 
their  use  in  industrial  environments  is  unrealistic.  On 
the  opposite,  OES  is  well  adapted  for  industrial 
reactors. 

OES  can  be  a  very  powerful  technique  for  accessing 
indirectly  to  ground  electronic  state  species  densities 
and  temperatures  and  then  for  better  understanding  the 
processes  occuring  in  a  plasma.  However, 
measurements  made  by  OES  have  to  be  used  with 
many  cares.  OES  only  provides  measurements  on 
species  in  electronic  excited  states  which  participate 
only  in  a  minor  proportion  to  the  plasma  or 
plasma/surface  chemistry  and  which  are  at 
concentration  level  of  less  than  10  '*  with  respect  to 
species  in  the  electronic  ground  state.  Extracting 
informations  concerning  the  plasma  processes  by 
measuring  relative  concentrations  and  temperatures 
from  OES  implies  first  to  establish  relationships 
between  species  in  electronic  excited  states  (analyzed 
by  OES)  and  those  in  the  electronic  ground  state  (the 
key  species  for  the  studied  process  which  can  be 
analyzed  by  laser  diagnostics).  Concerning  species 
densities  measurements,  Coburn  and  Chen  [1]  have 
introduced  in  the  early  80’ s  years  the  actinometry 
technique  which  offers  the  possibility  in  reaching 
relative  densities  of  a  ground  state  species  from 
emission  intensities  measurements.  Actinometry 
requires  the  introduction  of  a  gas  as  an  impurity  in 


the  feed  gas,  which  constitutes  the  actinometer.  The 
actinometer  compensates  changes  in  the  electron 
density  or  energy,  and  then  plays  a  normalisation  role 
for  the  species  emission  intensity.  If  actinometry  is 
valid,  then  the  emission  intensities  ratio  (species  over 
actinometer)  is  proportional  to  the  relative  density  of 
the  species  in  its  electronic  ground  state.  The 
conditions  of  validity  of  this  technique  are  restrictive, 
and  have  to  be  carefully  analyzed  before  any  use. 

We  report  here  a  study  which  aims  at  drawing  the 
domain  of  validity  of  actinometry  applied  to  H-atom 
density  measurements  in  plasma  diamond  deposition 
reactors.  Firstly,  a  theoretical  approach  is  carried  out 
in  order  to  determine  some  boundary  (frontier) 
conditions  for  which  the  validity  of  actinometry 
might  be  critical.  Secondly,  since  this  approach  only 
provides  an  estimation  of  the  frontier,  a  comparison 
between  axial  and  radial  distributions  of  relative 
ground  state  H-atom  densities  obtained  respectively 
by  TALIF  and  OES  allows  us  to  demonstrate  that 
actinometry  is  valid  for  these -conditions.  Thirdly, 
calculations,  using  a  1  D  H2  plasma  model,  allow  us 
to  extend  the  domain  of  diamond  deposition 
conditions  for  which  actinometry  can  be  used. 

2-  Technical  description 

^Reactor:  The  reactor  consists  in  a  silica  bell  jar 
low  pressure  chamber,  fed  with  a  mixture  of  0  -  5  % 
CH4  diluted  in  hydrogen.  The  plasma  is  activated  by 
a  2.45  GHz  microwave  generator.  The  pressure  and 
power  ranges  are  respectively  800  Pa  to  140000  Pa, 
and  400  to  3000  W.  The  averaged  power  density  is 
then  varying  from  5  W  cm'^  to  40  W  cm'^.  The 
substrate  temperature  is  fixed  independently  from  the 
plasma  parameters  at  900  °C.  Argon,  the  actinometer, 
was  introduced  at  1  %  in  the  plasma. 

*  OES  :  A  Jobin  Yvon  THR  1000  mounted  with  a 
1800  groves  per  mm  grating,  blazed  at  450  nm  and 
equiped  with  a  photomultiplier  (Hamamatsu  R  3896) 
and  a  red  region  intensified  OMA  III  (EGG-Princeton 
Instrument  -1460)  was  used  to  measure  emission 
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intensities  of  H„  (h=  656.5  nm),  and  of  2p,  ->  Isj 
argon  transition  (k  =750.3  nm).  The  light  emitted 
from  the  plasma  was  collected  by  a  optical  collimator 
and  transported  via  a  one  millimeter  in  diameter 
optical  fiber  to  the  entrance  slit  of  the 
monochromator.  A  spatial  resolution  of 
approximately  2  mm  is  reached.  The  optical  system 
was  mounted  on  a  computer  controlled  moving  table, 
allowing  axial  and  radial  measurements.  Abel 
inversion  was  used  for  accessing  to  radial 
distributions. 

*  TALIF  :  Two  photons  allowed  transition  laser 
induced  fluorescence  (TALIF)  [2]  measurements  were 
conducted  in  the  reactor  equiped  with  two  U.V.  grade 
silica  windows  allowing  transmission  of  205  nm 
light.  The  whole  reactor  was  accurately  translated 
vertically  and  horizontally  with  respect  to  the  laser 
beam  in  order  to  obtain  axial  and  radial  profiles. 
Under  the  experimental  conditions,  the  observed  two- 
photon  line  profile  is  Doppler  broadening  dominated. 

3-  Results 

1-  A  theoretical  approach^  allowed  us  to  show  that  for 
an  electron  temperature  (Te)  of  1 1000  K  and  a  H-atom 
mole  fraction  of  4  %,  the  validity  of  actinometry  is 
well  established.  On  the  opposite,  for  an  electron 
temperature  of  20000  K  and  a  H-atom  mole  fraction 
of  4  %,  the  dissociative  excitation  mechanism  is 
strongly  competing  with  the  direct  excitation 
mechanism  for  producing  H  atoms  in  the  n=3  excited 
state.  These  latter  plasma  parameters  are  reached  for 
conditions  where  the  pressure  is  2500  Pa  and  the 
power  600  W,  the  corresponding  power  density  is 
then  9  W  cm'^. 

2-  As  the  calculations  allowing  the  estimate  of  these 
boundary  conditions  are  only  approximated,  the 
second  step  was  to  establish  experimentally  whether 
or  not  actinometry  is  valid  under  these  critical 
conditions.  At  9  W  cm'^,  a  comparison  was  made 
between  spatial  distributions  (axial  and  radial)  of  H- 
atom  mole  fractions  provided  by  OES  and  those 
provided  by  TALIF.  The  H-atom  mole  fraction  was 
deduced  from  OES  taking  into  account  for  the 
quenching  effects  due  to  collisions  of  the  excited 
species  (H(n=3))  and  Ar(2pl))  by  molecular  and 
atomic  hydrogen  in  their  ground  electronic  states 
[3,4,5].  Also,  owing  to  the  small  H-atom  mole 
fraction  (4  %),  the  variations  of  Ar-atom  mole 
fraction  was  neglected.  As  shown  by  calculations  [6], 
electron  temperature  is  distributed  spatially,  leading  to 
spatial  variations  in  the  excitation  rate  constants  ratio 
of  Ar  atoms  and  H  atoms  (k'^/  k'n),  which  should  be 
considered.  However,  up  to  date,  we  were  not  able  to 
determine  with  enough  accuracy  the  spatial 
distributions  of  Te.  As  a  consequence,  the  effect  of 


the  spatial  variation  of  k^^^  could  not  be  still 
included. 

Nevertheless,  the  comparison  of  axial  and 
radial  distributions  of  H-atom  relative  mole  ft^ction 
obtained  by  TALIF  and  OES  showed  a  very  good 
agreement  except  in  the  plasma  region  where  Te  is 
varying  strongly  (at  the  plasma  edges).  We  can 
conclude  that,  at  9  W  cm'^,  H  atoms  are  directly 
excited  from  ground  state.  This  is  in  agreement  with 
the  fact  that,  under  these  conditions,  H  atoms  in  the 
n=3  excited  state  and  in  ground  state  were  seen  to  be 
in  thermal  equilibrium[2].  Actinometry  can  then  be 
used  at  9  W  cm'^. 

3-  When  increasing  the  power  density,  calculations 
[6]  showed  that  Te  decreases  while  the  H-atom  mole 
fraction  (xh)  increases  (owing  to  thermal  effects).  As  a 
consequence  of  our  theoretical  approach  (section  3), 
the  direct  excitation  of  H(n=3)  is  favoured  at  higher 
density.  As  a  conclusion,  actinometry  can  be  applied 
to  measurements  of  H-atom  mole  fraction  under 
diamond  deposition  conditions  at  power  densities 
higher  than  9  W  cm'^.  These  conditions  are  largely 
used  for  deposition  of  diamond.  However,  an  accurate 
estimation  of  H-atom  density  requires  the  knowledge 
of  the  quenching  cross  sections.  However,  very  little 
is  known  concerning  cross  sections  involving 
collisions  with  H  atoms  in  ground  state.  As  their 
contributions  increase  with  the  dissociation  yield, 
accurate  estimation  of  H-atom  density  at  high  power 
density  will  be  difficult.  When  adding  methane  in  the 
feed  gas  at  up  to  5  %,  Te  and  Xh  are  seen  to  remain 
within  the  same  magnitude,  and  then  actinometry  is 
still  valid. 
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It  is  difficult  to  carry  out  correct  measurements  of 
Langmuir  probe  Current-Voltage  (CV) 
characteristics  over  all  range  of  voltage  bias  in 
some  cases.  In  relatively  dense  plasma  (for 
pressure  about  some  torr)  this  is  complicated  by 
significant  heating  caused  by  intensive  current  if 
probe  potential  is  in  the  region  of  electron  current. 
The  characteristics  can  be  distorted  because  of  RF 
current  rectification  by  nonlinear  nearprobe  sheath 
in  RF  discharge.  So  it  is  difficult  sometimes  to 
measure  the  plasma  potential  Vj  with  respect  to 
base  electrode  and  electron  temperature  (or 
electron  energy  distribution  function,  EEDF)  by 
traditional  methods.  Nevertheless  the  ion  current 
and  floating  potential  can  be  measured  more 
correctly.  The  errors  of  measurements  can  be 
estimated  [1].  Besides  the  disturbances  introduced 
by  the  probe  into  plasma  are  very  small  in  the  ion 
current  region.  The  present  paper  suggests  an 
algorithm  for  determination  the  main  plasma 
parameters  only  from  ion-current  part  of  probe 
characteristic  including  also  floating  potential. 

One  of  the  most  important  assumption  of  main 
known  theories  of  ion  current  collection  by  Lang¬ 
muir  probe  is  Maxwellian  distribution  function  for 
electrons.  The  electron  temperature  is  used  in  Bohm 
theory  [2]  for  estimation  of  ion  velocity  on  the 
boundary  of  charged  sheath.  The  later  theories 
(Laframboise  [3]  and  Allen— Boyd— Reynolds 
(ABR)  [4])  are  based  on  solution  of  Poisson  equa¬ 
tion.  It  is  assumed  in  these  theories  that  electron 
concentration  is  described  by  Boltzmann  distribu¬ 
tion  with  electron  temperature  and  potential  corre¬ 
sponding  to  electric  field  of  the  probe.  The  Debye 
length  kj}  for  nonequilibrium  plasma  is  used  for 
normalization  of  probe  radius  Rp  and  other 
geometrical  parameters.  The  concept  of  Debye 
length  is  also  based  on  Maxwellian  EEDF  and  exist¬ 
ence  of  electron  temperature.  If  EEDF  is  not  Max- 
vellian,  one  cannot  use  the  conception  of  electron 
temperature  and  the  mentioned  theories  of  ion  cur¬ 
rent  collection  become  noncorrect.  The  application 
of  any  equivalent  of  temperature  (such  as  average 
electron  energy)  for  the  cases  of  non-Maxwellian 
EEDF  demands  additional  consideration. 

The  plasma  potential  can  be  measured  as  the 
point  of  zero  value  of  probe  current  second  deriva¬ 


tive.  Electron  temperature  is  defined  from  the  slope 
of  CV  characteristic  plotted  in  semi-logarithm  avis 
according  to  traditional  algorithm  of  probe  charac¬ 
teristic  analysis.  Sometimes  the  linear  part  is  not 
very  pronounced  or  there  are  two  or  three  linear 
parts  on  the  graph.  So  the  concept  "temperature"  is 
not  quite  correct.  Nevertheless  the  values  measured 
in  such  way  are  substituted  into  normalizing  expres¬ 
sions  for  determination  electron  concentration 

from  ion  part  of  characteristic  on  the  base  of  differ¬ 
ent  theories.  In  the  case  of  ABR  theory  the  single 
point  (for  probe  potential  Vp=V^  —  15T^)  is  used 
for  evaluating  n^.  The  results  of  ABR  theory  are  ex¬ 
pressed  usually  via  normalized  current  for  this 
potential  (so  called  Sonin  plot  [5]). 

The  Orbit  Motion  Limited  (OML)  theory  [6]  al¬ 
lows  to  obtain  more  useful  information  from  ion  cur¬ 
rent  analysis.  This  theory  have  no  any  suggestion 
about  EEDF  and  gives  the  next  relation  for  ion  cur¬ 
rent: 


I: 


Me 


(1) 


where  Ap  is  the  square  of  metal  part  of  cylindrical 


probe  contacting  with  plasma,  —  probe 
potential  with  respect  to  base  electrode,  Mj  —  ion 
niass.  So  the  graph  of  ion  current  plotted  in  axes 
~  negative  potential  we  can  write 

^p)  will  represent  the  straight  line  for  some 
voltage  range.  The  slope  of  this  line ’allows  to 
determine  and  the  intersection  with  voltage  axis 
corresponds  to  F^.  The  electron  temperature  is 
defined  as  usually. 

But  the  OML  theory  is  valid  only  for  rare 
plasmas.  There  is  limitation  on  potential  distribu¬ 
tion  within  probe  sheath  and  it  is  assumed  that  the 
sheath  radius  is  infinite.  For  many  important  cases 
it  is  not  realized  and  more  adequate  theories  are 
to  be  used. 


The  ABR  theory  is  considered  to  be  reliable  for 
wide  range  of  plasma  parameters.  But  it  does  not 
allow  to  apply  such  simple  analysis  of  Current- 
Voltage  dependence  as  for  OML  theory  because 
appropriate  functions  are  not  so  simple.  Neverthe¬ 
less  the  approximation  formula  [7]  describing  ABR 
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theory  for  wide  range  of  parameters  with  good  ac¬ 
curacy  permits  to  execute  some  statistical  pro¬ 
cessing  of  experimental  data.  The  single  assump¬ 
tion  of  this  attempt  corresponds  to  assumption  of 
ABR'  theory,  that  is  Maxwellian  EEDF.  If  it  is  not 
so  the  statistical  analysis  will  not  be  correct  to¬ 
gether  with  ABR  theory. 

The  essence  of  analysis  is  the  next.  It  is  chosen 
sufficient  number  of  experimental  points  (usually 
not  less  than  40-50).  These  points  are  to  be  quite 
negative  with  respect  to  plasma  potential  for  elec¬ 
tron  component  of  probe  current  was  negligible.  Or 
it  should  be  taken  into  account.  Then  one  should 
chose  a  set  of  parameters  Te,  /te  and  Fs  and  cal¬ 
culate  the  discrepancy  6  of  experimental  points 
and  theoretical  ABR  points  for  these  parameters. 
The  discrepancy  is  defined  as: 


6=E 


^xperim _ jtheor|-p^: 


ixpenm\ 


^xpenm 


(2) 


The  parameters  Tg,  and  are  varied  for 
discrepancy  minimization.  The  task  is  unstable  in 
such  form  for  small  perturbations  of  current  and 
voltage  because  the  curve  is  described  by  three 
dimensional  parameters.  For  degeneration  removal 
some  relation  between  parameters  should  be 
established.  The  most  natural  relation  is  the 
expression  for  floating  potential.  It  was  estimated 
on  the  base  of  ABR  theory  for  ion  current  and 
traditional  for  Maxwellian  EEDF  exponential 
dependence  of  electron  current  on  probe  potential. 
Floating  potential  depends  upon  ion  mass. 
Figure  1  represents  dimensionless  floating 
potential  for  two  gases  of  different  masses.  The 
usual  normalization  of  parameters  is  used: 

,  5  (3) 

itTg’  Xd’ 


The  approximation  of  floating  potential  de¬ 
pendence  on  probe  radius  for  Ar  is  the  next: 

I  tifi  I  »  3.67  -I-  0.51 7  -  0.031 7^  -  (4) 

-  0.00417^ -l-0.00027^  where  7  =  ln(^p). 

The  accuracy  of  this  formula  is  better  than  0.5% 
over  all  interval  of  radius  variation. 

The  obtained  set  of  parameters  Te,  ite  and  Fs 
thus  describes  the  theoretical  curve  which  is  best 
adjusted  to  experimental  one.  In  the  next  step  it  is 
possible  to  use  another  number  of  experimental 
points  (for  example,  increasing  previous  by  unity) 
or  to  shift  the  window  of  selection  and  to  get 
another  set  of  parameters.  And  so  on.  The  most 
probable  values  and  the  trusting  intervals  can  be 
obtained  by  averaging. 

The  testing  calculations  have  shown  good 
agreement  of  parameters  determined  by  such  algo¬ 
rithm  with  initial  values  used  for  modelling  probe 


Fig.  1.  The  dependence  of  floating  potential 
on  probe  radius  for  two  gases  on  the  base  of 
ABR  -theory 

characteristics.  An  arbitrary  noise  of  1  %  amplitude 
was  added  to  characteristics.  The  typical  error  in¬ 
terval  was  about  2-5  %.  It  can  be  reduced  by  nar¬ 
rowing  the  parameters  variation  intervals.  It  is  nec¬ 
essary  to  pay  attention  for  the  coincidence  of  ob¬ 
tained  dimensionless  parameters  to  ranges  of 
formulas  applicability.  The  number  of  points  on 
characteristic  should  be  not  less  than  100. 

The  described  attempt  can  be  used  as  inde¬ 
pendent  method  for  plasma  parameters  determina¬ 
tion  if  some  problems  during  electron  branch 
measurements  occur.  And  also  it  can  be  used  to 
enlarge  traditional  algorithms  of  probe  characteris¬ 
tics  processing  and  to  test  the  validity  of  ABR  as¬ 
sumptions  (in  particular,  Maxwellian  EEDF)  in 
real  experiments. 
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l.Introduction  [l] 

Under  certain  breaking  conditions,  in  an  automatic 
circuit-breaker,  the  electric  arc  first  appears  in  the 
shape  of  a  difiiise  conducting  columa  It  will 
consequently  be  noticed  that  the  characteristics  of  the 
arc  suddenly  alter  in  accordance  with  the  current  I.  It 
transforms  itself  into  a  concentrated  discharge.  Then 
the  arc  difiiises  again.  We  must  therefore  change  as 
quickly  as  possible  from  the  concentrated  to  the  diffuse 
arc  stage  in  order  to  obtain  high  performances. 

In  this  article,  we  are  going  to  present  methods  which 
will  allow  the  determination  of  the  condition  of  the  arc 
whether  concentrated  or  difiuse.  In  this  study  the 
column  material  will  be  a  conductor  made  of  solid 
copper. 

2.ExperimentaI  device 

A  copper  conductor  of  predetermined  shape  is  placed 
between  two  contacts,  and  we  have  to  interpret  the 
azimuthal  inductions  sensed  by  Hall  effect  probes 
positioned  around  these  contacts  (figure  1).' 


Figure  1.  Geometric  configuration 


The  short-circuit  current  is  generated  by  an  L.C.  station 
which  is  able  to  deliver  currents  that  can  reach  8000  A 
in  5  ms.  Hall  effect  probes  have  a  sensitiveness  of  the 
order  of  10  V/T.  For  reasons  of  technological 
imperatives  these  probes  are  positioned  on  a  circle, 
88  mm  in  diametre  around  the  contact  axis. 


and  180°  will  materialize  a  "bridge"  in  the  case  of  a 
rotating  arc.  They  are  10  mm  wide  (the  distance 
between  the  contacts).  Once  thq^  are  weldol  to  the 
contacts,  one  can  measure  the  current  and  the  induction 
by  rotating  the  whole  in  a  discrete  manner  fix)m  0°  to 
350°  by  10°  steps.  The  average  position  of  the  "bridge" 
will  be  determined  by  angle  0  with  respect  to  probe  3, 
taken  as  a  reference,  (figure  l).The  signals  obtained 
from  a  specified  probe  are  shown  in  figure  2.  In  order 
not  to  depend  on  the  variations  in  current  fiom  one  test 
to  the  next,  the  induction  measured  is  reduced  to  the 
current  unit.  It  will  be  observed  that  the  wider  the 
aperture  angle,  the  wider  and  more  damped  the  signal. 


When  computing  the  ratio 


from  these 


signals  in  which  A6  is  the  signal  width  equal  to  50  % 
of  the  maximum  variation  of  (B/I),  one  obtains  : 
for90°  :  13.10-*mT/A(°) 
for  180°  :  3,2.10-®  mT/A(°) 

The  ratio  obtained  with  a  cylinder  of  solid  copper, 
5  mm  in  diametre  (concentrated  arc)  is  : 
30.10-®mT/A(°). 


In  all  cases,  (AB/I)max  is  obtained  when  the  axis 
corresponding  to  the  average  position  of  the  copper 
"bridge"  used  faces  the  reference  probe. 


B/I 

(mT/A) 


e(°) 

Figure  2  :  Induction  generated  by  a  "bridge" 


3.Characterization  of  a  "bridge”  of  current 
3.1  Size  of  the  "bridge" 

Portions  of  a  hollow  copper  cylinder,  5  mm  thick,  with 
a  20  mm  curvature  radius  and  aperture  angles  of  90° 


We  can  therefore  conclude  that  the  lower  the  ratio  is, 
the  more  the  "bridge"  of  current  spreads  out. 

We  have  noticed  that  the  ratio  of  the  maximum 
induction  over  the  induction  corresponding  to  the 
angular  value  of  the  size  of  the  copper  portion 
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measured  on  the  curves  in  figure  2,  is  1/3.  So,  the  size 
of  the  "bridge"  can  be  obtained  by  measuring  the  width 
of  the  signal  taken  at  70  %  of  the  maximal  amplitude  of 
the  variation.  We  thus  come  back  to  the  "bridges"  at 
90°  and  180°. 


3.2  Position  of  the  "bridge"  on  the  contacts 
The  position  of  the  copper  cylinder  portion  in  one  of 
the  four  sectors  determined  by  two  probes  can  be  found 
by  adding  the  two  signals  delivered  by  these  probes. 


4.  Characterization  of  a  cylinder  of  current 


4.1  Size 

The  above  method  cannot  apply  in  the  case  of  a  current 
flowing  throughout  the  whole  cylinder.  Indeed  the 
signals  obtained  with  different  sizes  of  cylinder  (5  mm, 
25  mm)  centred  12.5  mm  away  fi’om  the  axis  of  the 
contacts  are  quite  close.  This  is  the  reason  why  two 
induction-sensitive  probes  have  been  used  along  x 
(figure  3). 


I 


Figure  3  ;  Determination  of  the  position  of  the  roots 


B/1 

(mT/A) 


0(°) 

Figure  4  :  Induction  versus  diametre 


Along  this  direction,  only  the  contribution  of  the 
threads  of  current  L,  situated  in  the  contacts  is  taken 
into  account.  It  has  been  seen  that  for  a  single  position 
and  a  single  current  the  induction  generated  in  the  case 
of  a  5  mm  diametre  cylinder  is  higher  than  with  a  25 
mm  one  (figure  4).  As  a  consequence  the  evolution  of 


the  diametre  can  be  deduced  firom  the  computation  of 
the  ratio  of  these  inductions. 


4.2.  Determination  of  the  position  of  a  cylinder  [2] 
The  position  P(xp,  yp,  zp)  of  the  end  of  the  average  line 
of  current  representing  the  cylinder  can  be  determined 
through  data  given  by  two  consecutive  probes  90° 
apart,  (figure  3).).  In  order  to  do  so,  the  length  L  and 
the  direction  cosines  kl,  k2  and  k3  of  the  current 
segment  inside  the  contact,  will  have  to  be  computed. 
These  values  will  be  determined  by  solving  the 
following  system  of  equations  : 


Bxl  =  - 


10*  •  I  •  k2  ( 


L-k3zsl 


zsl 


■  -  k3^  j  I-/ 


==  +  k3 

+zsl^ -2  L  k3  zsl  J 


Bx2  = 


-10*’^-I-k3 


L  -  k2  •  ys2 


ys2  •  (l  -  k2^ j  +ys2^  -2-L-k2-ys2 


+  k2 


2  2  2 
l  =  kr  +k2^  +k3^ 


e  =  kl.L 


where  Bxl  and  Bx2  are  the  inductions  along  the  axis 
Ox  measured  by  each  of  the  two  Hall  effect  probes,  I 
being  the  current  and  kl-L  the  thickness  of  the 
contacts.  With  this  method  one  can  determine  the 
position  of  the  centre  of  the  copper  cylinder. 

5.  Conclusion 

The  results  obtained  for  a  "bridge"  of  current  allow  us 
to  consider  applying  it  to  the  case  of  the  rotating  arc. 
The  cylinder  model  needs  to  be  improved  to  apply  to 
the  case  of  an  electric  arc. 
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The  spatial  distribution  of  the  time  varying  magnetic 
field  (dB/dt  or  B-dot)  has  been  measured  in  a  cylindrical 
discharge  in  which  the  plasma  is  maintained  by  a  time 
varying  electromagnetic  field  induced  by  a  planar 
induction  coil  located  just  outside  the  discharge 
chamber.  Based  on  B-dot  measurements,  the  magnitude 
and  relative  phase  of  the  electric  field  and  the  current 
density  in  the  discharge  were  determined  through 
Maxwell  s  equations.  Traditionally,  such  measurements 
have  been  made  with  a  B-dot  probe  enclosed  by  an 
cylindrical  dielectric  envelope  to  keep  the  plasma  fi-om 
interacting  with  the  probe.  The  primary  objective  of  this 
work  is  to  compare  B-dot  measurements  made  using  a 
“traditional”  (hereupon  referred  to  as  an  enclosed  probe) 
B-dot  probe  with  those  made  using  a  B-dot  probe  which 
is  directly  immersed  in  the  plasma  with  no  dielectric 
enclosure  (hereupon  referred  to  as  an  immersed  probe). 
To  check  the  accuracy  of  the  electric  field  determined 
fi'om  the  two  B-dot  probes,  a  third  probe  consisting  of  a 
large  wire  loop  is  used  to  independently  measure  the 
electric  field  directly. 

Experiment  Apparatus  and  Methods 

Experiments  were  carried  out  in  a  cylindrical  metal 
discharge  chamber  having  an  inner  diameter  of  19.8  cm 
and  a  height  of  10.5  cm  with  a  Pyrex  glass  bottom  plate. 
A  planar  (pancake)  induction  coil,  designed  to  produce  a 
discharge  with  a  high  degree  of  azimuthally  symmetry, 
w^  located  just  below  the  glass  plate.  An  electrostatic 
shield  and  an  air  gap  between  the  glass  and  the  induction 
coil  practically  eliminated  capacitive  coupling  between 
the  coil  and  the  plasma.  Measurements  were  made  at 
6.78  MHz  at  gas  pressures  ranging  between  1  and  100 
mTorr  of  argon.  Discharge  power  was  determined  by 
measuring  the  power  transmitted  into  the  discharge  and 
subtracting  matcher  and  coil  losses.  All  mention  of 
power  from  hereon  refers  to  power  dissipated  in  the 
plasma. 

The  immersed  B-dot  probe  consisted  of  three  bare 
wire  loops,  each  constructed  of  0.15  mm  diameter 
molybdenum  and  having  an  OD  of  4  mm.  The  loops 
were  oriented  such  that  one  loop  measured  the  radial 
component  of  the  magnetic  field  B„  while  the  other  two 


loops  formed  a  figure  “8”  and  were  positioned  to 
determine  dBj/dr.  The  enclosed  probe  measurements 
were  made  with  two  probes  with  B,  and  dB/dr 
components  measured  separately  but  inside  the  same 
cylindrical  tube.  All  B-dot  probe  measurements  were 
made  at  4  cm  (radially)  from  the  axis  of  the  discharge. 
The  large  loop  probe  was  made  of  0.75  mm  diameter 
nickel  wire  with  an  80  mm  OD  and  located  to  make 
measurements  at  the  same  radial  position  as  the  B-dot 
probes. 

To  determine  the  azimuthal  electric  field.  Eg,  using 
B-dot  probes,  the  magnitude  and  phase  of  dBr(z)/dt  were 
measured  at  0.25  cm  intervals  along  the  z-axis  between 
the  top  plate  and  the  glass  (bottom)  plate.  Eg  was 
determined  from  Faraday’s  Law:  rot  E  =  -dB/dt  by 
integrating  dB,(z)/dt  along  an  axial  (z)  path;  Ee=  -10'* 
jffijB,(z)  dz.  From  the  voltage  V  measured  on  the  large 
loop  probe.  Eg  is:  E9=  V/27tb=  -10‘*j(Bb'‘JrBj(r)dr,  where 
b  =  4  cm.  The  discharge  current  density  was  determined 
from  Ampere’s  law:  rot  B  =  pjJ  (ignoring  displacement 
current).  Thus  ,  the  azimuthal  current  is:  Je  =  Ho'‘[dB/dz- 
dB^dr]  where  po  is  the  vacuum  permeability. 

Before  making  measurements,  both  B-dot  probes 
were  calibrated  at  a  fixed  position  near  the  coil  with  Eg 
measured  with  the  large  loop  probe.  Based  on  this,  as 
expected.  Eg  in  vacuum  was  found  to  be  identical  at  all  z 
positions  for  all  three  probes.  The  dBj/dr  component 
from  both  B-dot  probes  was  calibrated  in  vacuum  by 
equating  rot  B  to  zero  at  one  point.  Based  on  this  both 
probes  show  Jg  =  0  for  all  z  in  vacuum  (dB/dz  =  dB^dr 
5*  0.  All  measurements  of  the  magnitude  and  relative 
phase  of  B-dot  were  made  with  a  vector  voltmeter.  The 
phase  in  all  data  in  this  work  is  taken  with  respect  to  Eg 
measured  in  vacuum. 

Results  and  Discussion 

The  magnitude  and  the  phase  of  the  rf  azimuthal 
electric  field  and  current  density  distributions  (inferred 
from  B-dot  probes  and  loop  probe  data)  is  shown  in  Figs. 

1  and  2,  respectively.  As  shown  in  Fig.  1,  the  agreement 
in  both  relative  phase  and  magnitude  between  the 
immersed  B-dot  probe  and  the  large  loop  probe  is 
excellent.  Although  not  shown  here,  excellent  agreement 
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Figure  1 

has  been  observed  over  a  wide  range  of  gas  pressure  (1 
mT  -  lOOmT)  and  discharge  power  (up  to  200 W). 
Based  on  this,  we  can  safely  say  that  the  electric  field 
determined  from  the  immersed  probe  appears  to  be 
correct.  Clearly,  however,  there  is  considerable 
disagreement  between  the  enclosed  probe  and  the 
immersed  probe.  The  enclosed  probe  fails  to  determine 
the  minimum  in  the  electric  field  that  occurs  near  6  cm; 
at  this  point  it  predicts  an  electric  field  about  an  order  of 
magnitude  larger  than  actually  exists.  The  agreement  in 
the  relative  phase  between  the  B-dot  probes  is  equally 
poor.  The  immersed  probe  determines  a  relative  phase 
shift  which  makes  a  transition  from  lagging  to  leading 
while  the  enclosed  probe  determines  a  phase  shift  lag 
that  simply  increases  with  distance  from  the  coil. 

Comparison  of  the  magnitude  and  relative  phase  of 
the  plasma  current  density  measured  with  the  immersed 
and  the  enclosed  probes  show  essential  disagreement. 
Near  the  coil,  in  the  skin  layer,  the  current  densities  from 
the  two  probes  differ  by  about  four  times.  The  slopes  of 
|j0(z)l  are  considerably  different  and  the  curves  cross  at 
about  6  cm  from  the  glass.  The  immersed  probe  data 
suggests  a  second  current  layer  far  from  the  coil  that  is 
oppositely  directed  to  the  current  in  the  skin  layer  (near 
the  coil)  while  the  enclosed  probe  fails  to  show  this. 

Conclusions 

Although  they  agree  perfectly  in  vacuum,  Eg 
determined  with  the  immersed  and  the  enclosed  probe 
have  significant  disagreement  in  a  discharge. ,  For  Eg, 


Figure  2 

comparison  of  the  B-dot  probes  with  the  large  loop 
shows  the  error  of  the  enclosed  probe.  It  is  believed  that 
these  errors  arise  from  perturbation  of  the  plasma  current 
path  and  density  due  to  the  physical  presence  of  the 
probe  enclosure.  Apparently  perturbations  of  B,(z)  due 
to  the  immersed  probe  are  negligible.  Showing  validity 
of  the  B-dot  probes  in  determining  Jg  is  not  as  straight 
forward  as  for  Eg  since  no  independent  check  could  be 
made  with  the  discharge  present.  However,  a  case  can 
be  made  for  the  validity  of  the  immersed  probe  since  in 
vacuum  it  predicts  J=0  for  all  z  and,  as  shown, 
perturbation  of  B,  is  negligible.  Thus,  for  validity  of  the 
immersed  probe  one  need  only  assume  that  the 
perturbation  of  dB^/dr  is  also  negligible  (as  appears 
likely).  Clearly.  Jg  determined  from  the  enclosed  B-dot 
probe  is  in  error:  First,  because  Jg  is  dependent  upon  the 
derivative  of  B,  whose  integral  (from  Eg  determination) 
is  shown  to  be  in  error,  and  second  because  no  current 
flows  at  the  precise  point  within  the  glass  tube  where  Jg 
is  being  determined.  A  non-zero  Jg  probably  due  to  the 
loss  of  azimuthal  symmetry  introduced  by  the  probe 
enclosure. 

Measurements  of  the  electric  field  and  current 
density  based  on  enclosed  B-dot  probes  are  troubling 
because  the  results  are  quite  believable  and  thus  they  can 
be  misleading.  Based  on  the  evidence  given  here, 
previous  results  based  on  these  probes  should  be  viewed 
with  reservation.  Using  B-dot  probes  to  determine  E- 
field  and  current  density  should  be  reviewed  carefully 
before  relying  on  such  methods. 
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Introduction 

Most  plasmas  present  a  disequilibrium  between  the 
electronic  temperature  and  the  temperatmes  of  heavy 
particles.  This  disequilibrium  is  one  of  the  fundamental 
parameters  in  the  calculations  of  plasma 
composition.  [1] 

Rotational  and  vibrational  temperatures  are  measured 
in  a  gas  discharge  by  optical  emission  spectroscopy. 
The  discharge  is  produced  in  a  N2  -CC)2  mixture  with 
inert  gas  Ar. 

The  Boltzmann  plot  is  not  applicable  in  a  lot  of  spectra 
(the  Swan  system  of  C2  (Av=0)  nor  in  the  violet  system 
of  CN  (Av=0))  due  to  the  overlapping  of  the  rotational 
lines.  Consequently  we  used  the  calculated  spectra  to 
determine  these  parameters. 

The  measurement  of  rotational  and  vibration 
temperatmes  is  based  on  the  comparison  of  one 
experiment  ro-vibrational  spectrum  with  the  spectra 
calculated  for  different  temperatures. 

Experiment 

The  wall  stabilised  arc  is  produced  in  a  modified 
Maecker  chamber  which  is  made  of  hollow  copper 
cupels  cooled  with  water.  Bakelite  cupels  provide 
electric  isolation  between  copper  cupels,  and  tangential 
injection  to  the  arc  column  of  CO2-N2  mixture.  The 
anode  and  the  cathode  are  in  tungsten  and  are 
protected  with  argon.  The  current  discharge  is  30  A. 
The  proportion  of  gas  is  75.1  %  Ar,  10.2  %  CO2  and 
14.7  %  N2.  With  this  mixture,  the  tension  is  equal  to 
49  V.  The  light  emitted  is  observed  perpendicularly  to 
the  arc  column  and  is  analysed  with  a  high  resolution 
monochromator  (  THR  1500  Jobin  Yvon,  focal  length 
1.5  m,  grating  2400  grooves  per  mm)  which  is  coupled 
to  an  optical  multichannel  analyser  (O.M.A.  4000 
EGG,  matrix  of  512x512  pixels).  To  reduce  the  dark 
ciurent  the  detector  was  cooled  to  a  temperature  of 
-70  °C.  The  detector  is  efficient  for  wavelengths 
ranging  from  320  nm  to  800  run.  Figure  1  presents  a 
spectrum  of  the  violet  system  of  CN  with  an  entrance 
slit  equal  to  80  pm.  We  also  observe  C2  (Swan  system) 
and  N2^  (first  negative  system)  spectra. 


Intensity  (a.u.) 


Figure  1  :  Violet  system  of  CN  (Av=0) 

in  the  extremity  of  the  arc.  I=30A,  V=49V, 
entrance  slit=80pm. 


Determination  of  temperatures 

To  determine  the  rotational  and  vibrational 
temperatures  we  calculated  the  spectra  for  different 
values  of  these  parameters.  First  we  calculated 
wavelength  of  each  rotational  line  [2],  its  intensity 
which  is  proportional,  among  others,  to  the  Holn- 
London  factors  [3],  band  strengths  [4],  the  density  of 
particules  in  the  upper  electronic  level,  the  rotational 
temperature  and  the  vibrational  temperature.  We 
supposed  the  excitation  of  the  upper  electronic  level 
caused  by  electron  impact.  We  applied  a  Gaussian 
profile  (  the  full  width  at  half  maximum  FWHM  is 
determined  experimentally)  for  each  line  and  after  the 
spectrum  has  convoluated.  We  repeated  this  for  each 
band  and  added  them  to  obtain  the  final  spectrum  for  a 
given  temperature  of  rotation  and  for  a  given 
vibrational  temperature.  Figures  2,  3,  4  and  5  present 
the  spectra  calculated  for  different  temperatures  of 
rotation  and  vibration. 
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Intensity  (a.u.) 


Figure  2  ;  Violet  system  of  CN  (Av=0) ;  Trot  =  2000  K 
Tvib  =  2000  K  ;  FWHM  =  0.018  nm. 


Intensity  (■  j .) 


Figure  3  :  Violet  system  of  CN  (Av=0) ;  Trot  =  2000  K 
Tvib  =  8000  K;  FWHM  =  0.018  nm. 


Intensity  (a.u.) 


Tvib=  5000  K;  FWHM  =  0.018  nm. 

Intensity  (a.u.) 


Tvib  =  10000  K;  FWHM  =  0.018  nm. 


First  we  determine  the  rotational  temperature  with 
band  (0-0),  before  band  (1-1)  overlaps  b^d  (0-0).  We 
chose  a  few  characteristic  peaks  which  were  not 
perturbed  and  we  calculated  the  sum  of  the  square  of 
the  difference  between  the  intensity  calculated  and  the 
intensity  of  experimental  spectrum.  This  sum  is  a 
function  of  the  rotational  temperature  and  when  this 
sum  is  minimum  we  obtain  the  rotational  tenq)erature. 
Once  the  rotational  temperature  is  obtained  we  can 
estimate  the  vibrational  temperature.  We  compared  the 
spectra  calculated  with  the  result  of  the  rotational 
tenqjerature  and  the  experimental  spectra.  The  result  of 
vibrational  temperature  is  obtained  when  the 
superposition  is  the  better. 


Results 

This  method  to  determine  the  rotational  and  vibrational 
temperatures  is  applied  on  the  violet  system  of  CN. 

At  the  end  of  the  arc  we  find  that  Trot  =  5600  K  firom 
the  spectrum  of  CN  in  Figure  1.  The  rotational 
temperature  is  almost  constant  for  the  whole  of  the 
plasma  radius.  As  far  as  the  vibrational  temperature  is 
concerned,  we  can  estimate  that  Tvm  »  Trot- 
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1.  Introduction 

Time  resolved  plasma  diagnostics  (induced  emission 
spectroscopy,  laser  spectroscopy,  Langmuir  probe), 
now  at  ^sposal  in  many  laboratories,  favour  a 
renewed  interest  in  the  study  of  microscopic  kinetics  in 
pulsed  discharges  [1].  The  kinetics  of  excited  species 
as  well  as  of  radicals  and  non  emitting  species  can  be 
directly  monitored  in  the  time  domain.  In  N2  pulsed 
discharge  particular  attention  has  been  devoted  to 
N2(A^S„‘^  metastable  kinetics  because  of  its  key  role  in 
the  coupling  of  neighbouring  electronic  states  B,  W.  In 
this  context  one  step  is  the  measurement  of  population 
density  of  each  vibrational  level  of  N2(A^Z„*  ). 
Various  approaches  have  been  employed  to  this 
puiiwse  like  NafFPS)  absorption  (  actually  by  diode 
laser),  N2(V.K.)  emission,  and  Laser  Induced 
Fluorescence  (LIF).  We  have  recently  used  LIF 
methods  for  measuring  relative  vibrational  distribution 
of  N2(A^S„‘^  ,  v)  [2].  In  this  work  we  have,  employed 
LIF  technique  for  measuring  the  population  density  of 
v=4  level  by  an  appropriate  single  excitation  - 
detection  LIF  experiment  [3]  in  order  to  extend  this 
data  for  inferring  the  absolute  density  of  N2(A,v) 
states. 

2.  Experimental 

The  discharge  is  a  typical  parallel  plates,  capacitively 
coupled  configuration,  with  10  cm  id.  electrodes 
spaced  by  S.S  cm.  The  27  MHz  if  excitation  is  fully 
modulat^  by  a  100  Hz  square  pulse. 

The  laser  beam,  produced  by  Nd-YAG, 
pumped  dye  laser  with  Rhodamine  610,  is  sent  into  the 
plasma  chamber  at  the  middle  of  the  gap.  The  laser 
firing  is  synchronised  to  the  discharge  pulse  under 
computer  control.  The  laser  induced  fluorescence 
volume  is  focused  (1:1  optics)  and  rotated  by  90®  by  a 
Dove  prism  to  match  the  entrance  slit  of  a  1  m  fl 
monochromator.  The  fluorescence  light  is  revealed  by 
a  &st  side-on  photomultiplier,  and  measured  by  both 
photon  counter  and  boxcar.  The  phototube  is  gated  to 
avoid  the  saturation  due  to  the  high  discharge 
background  light.  In  order  to  further  nunimise  the 
contribution  of  the  FPS  background  radiation,  the 
measurement  has  been  carried  out  at  200  ps  in  the  post 


discharge  where  the  background  emission  is  greatly 
reduced  with  respect  to  LIF  signal. 

Single  line  excitation-detection  LIF 
experiment  has  been  carried  out  on  the  transition; 

(AX'^.v  =  4,  J  )  +  hvL  ->  (B^rig,  v’=8,  J’) 

(B^Ilg,  v’=8,  J’)  -4  (AX^  v”=5,  D  +  hvB 

of  First  Positive  System  as  discussed  in  [4].  In 
particular,  we  have  excited  one  almost  isolated 
rotational  line  of  Pi  2  branch  that,  although  weaker 
than  Pn  branch  (generally  used  in  our  previous 
experiments  [1,2,  3]),  has  very  little  overlap  with 
other  branches  and  a  larger  rotational  spacing.  This  is 
particular  important  for  density  measurement 
experiment  bemuse  the  contemporary  excitation  of 
several  lines  makes  difQcult  the  quantitative  analysis 
of  the  results.  The  energy  of  la^r  beam  has  been 
reduced  to  about  2  nJ  by  inserting  neutral  filters  in  the 
laser  path.  This  allows  to  operate  measurements  imder 
almost  linear  excitation  regime  [4]  as  well  as  to 
minimise  the  excitation  of  lines  by  the  0.2  cm'*  laser 
line  wings 

3.  Results 

3.1  Spectroscopy 

In  fig.  I  it  is  shown  an  excitation  spectra  obtained  at 
0.1  Torr  N2  discharge  by  scaiming  the  laser  in  the 
region  596.5-597.0  run  of  P12  branch  of  (8,4)  band 
with  detection  toned  to  the  Qii(J=8)  line  of  (8,5)  band 
at  2,e  =  645.96  nm  with  a  spectral  window  of  0.08  nm. 
The  detection  gate  is  1  ps.  The  strong  excitation  line 
at  596.786  run  corresponds  to  Pi2(9)  line  exciting  ^Ilo,, 
J=8  level  that  directly  fluoresces  tluough  Qii(8).  The 
weak  lines  at  596.84  run  correspond  to  Qi3(8)  and  the 
line  at  596.87  run  has  not  been  assigned.  However, 
the  e-f  propensity  rule  can  be  overcome  by  collisions 
then  increasing  the  number  of  possible  emissions.  This 
can  be  seen  on  the  fluorescence  spectrum  shown  in 
Fig.  2,  obtained  tuning  the  laser  on  Pi  2(9)  line  and 
scarming  the  monochromator  in  the  range  645.5  - 

648.1  nm.  In  this  case  it  is  observed  that  together  with 
Qii(8)  line,  also  additional  lines  of  minor  intensity.  In 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


IV-81 


particular  Pii(9)  comes  out  by  e-f  collisional 
rearrangement. 

3.2  Absolute  density  measurement 
Since  the  predominant  excitation  and  emission  is  on 
Pi2(9)  and  Qit(8)  lines  we  have  chosen  this  two  lines 
for  the  N2(A,4)  absolute  population  measurement 
Qi](8)  has  been  detected  with  a  spectral  window  0.08 
nm.  The  measurement  of  the  LIF  intensity  integrated 
in  a  T  =  100  ns  gate  has  been  made  both  by  photon 
counter  and  by  boxcar.  The  result  has  then  been 
converted  in  munber  of  photons  per  second  incident  to 
the  photocathode  by  the  known  radiant  sensitivity  (or 
quantum  efficiency)  of  the  photomultiplier.  The  two 
instruments  give  the  same  result  indicating  the 
correcmess  of  the  photon  counting  method.  This  LIF 
intensity  is  then  u^  to  calculate  the  density  of  the 
metastable  roto-vibrational  state,  Navi.  through  the 
following  relations; 

r 

0 

F  =  V.T,n/4;r 

where: 

V.  is  the  sampled  volume,  determined  by  the  slit  width 
and  the  photocatode  dimensions;  Tr  is  the  optical 
transmission  of  the  whole  path  of  the  fluorescence 
through  windows,  lenses.  Dove  prism  and 
monochromator,  Q/47c  is  the  sampled  solid  angle 
fraction;  is  the  Einstein  coefficient  of  the 

transition;  Qv<x  (t)  is  the  quenching  function  of  the 
laser  excited  roto-vibrational  B  state.  This  function  has 
been  measured  by  time-resolved  photon  counting; 
KvJ.vJ- 

is  the  faction  of  A  molecules  pumped  by  the 
laser  to  the  B  state.  This  number  depends  on  the 
saturation  of  the  transition  that,  in  our  case  of  spatially 
non-homogeneous  laser  beam,  cannot  be  calculated  a 
priori.  We  therefore  adopt  the  following  semi  — 
empirical  procedure: 

-  We  measiue  the  saturation  characteristics  of  the 
transition  varying  the  laser  intensity  by  neutral  filters. 

-  Then  we  use  a  rate  equation  model  analogous  to  an 
atomic  case  [5]  (since  we  are  in  a  line-to-line  case  )  in 
which  the  laser  pumping  rate,  and  its  spatial 
distribution,  is  a  parameter  that  is  adjusted  to  fit  the 
measured  saturation  features.  The  Kp  ’  value  is 
then  easily  extracted  from  the  model.  Since  no 
polarisation  of  the  fluorescence  light  has  been 
observed,  we  assume  that  the  emitting  dipoles  achieve 
an  isotropic  orientation  distribution  in  a  very  short 
time  compared  to  the  observation  time  window. 

Finally,  the  population  of  the  N2(A,v)  state  is 
determined  from  the  population  of  the  single  rotational 
level 

Nav  =  25  Navj 


in  which  the  population  ratio  is  calculated  supposing 
Boltzmaim  rotational  distribution  at  T^t  =  350  K. 
Specialisation  to  oiu  case  yields: 

v  =  4,  J  =  9andv’  =  8,  J’  =  8 

Navj=  2.6x10*  cm‘^  Nav  =  9.1x10®  cm* 
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Oscillating  electric  fields  (OEF)  pla.y  a  decisive 
role  im  many  physical  processes  in  a  plasma.  The 
presence  of  OEF  in  a  plasma  is  a  feature  of  a  host  of 
experiments,  including,  e.g.,  the  action  of  a  powerful 
laser  or  microwave  raxiiation  and  of  electron  or  ion 
beam,  reconnection  of  magnetic  fields  and  passage 
of  strong  currents.  One  of  the  most  commonly 
used  methods  for  diagnostics  of  OEF  in  a  plasma  is 
spectroscopic  method  based  on  the  modification  of 
the  emission  spectra  of  atomic  hydrogen  under  the 
influence  of  OEF.  Calculations  reported  in  [1]  deal 
with  the  intensities  of  satellites  of  spectral  lines  of 
hydrogen  atoms  interacting  with  linearly  polarized 
harmonic  electric  field  of  the  form 

E(t)  =  Eo  cos(wt  +  ^).  (1) 

These  satellites  appear  at  frequencies  Aw  =  ±w, 
±2w, . . .  measured  relative  to  the  unperturbed 
position  of  the  spectral  line.  The  phase  ^  is  assumed 
to  be  fixed  in  (1).  In  [2]  was  calculated  the 
modification  of  one  Stark  component  of  a  hydrogen 
spectral  line  under  the  influence  of  linearly  polarized 
stochastic  oscillating  electric  field  E(t)  which  is 
assumed  to  be  a  sample  of  a  Gaussian  process.  The 
consideration  in  [2]  was  restricted  to  the  case  where 
E(i)  is  a  quasimonochromatic  field  with  '  the  fix 
frequency  wq.  It  was  obtained  in  [2]  that  each  Stark 
spectral  component  of  hydrogen  splits  into  a  set  of 
satellites.  The  total  spectrum  of  these  satellites  is 
described  by  the  expression 

5(Aw)  =  exp(-«)  s’  Ip(k)  S(Au  -  pa>), 

p=-oo 

k(j  <E^  /wo 

where  /^(k)  is  the  Bessel  function,  j  is  the  Stark 
constant,  and  <  E^  is  the  R.M.S.  of  the 

field.  The  profile  of  the  envelope  of  S(Aw)  in  the 
multisateUite  case  (k  >  1)  is  Gaussian 

Sa(Aui)  =  exp[-Aa<V(27^  <  E^  >)I.  (3) 

However,  for  a  turbulent  plasma  the  typical 
situation  is  that  the  OEF  of  plasma  turbulence  is 
a  superposition  of  a  large  number  of  independent 
harmonics  with  random  phases  (f>j  and  different 
frequencies  uij: 

N 

^'(0  =  cos(wjt  +  ^j),  N  -4  CO.  (4) 


In  the  present  work  we  consider  the  modification 
of  spectral  line  profiles  of  hydrogen  under  the  action 
of  the  field  E{t)  (4).  Sirnila.r  to  [2]  we  assume  that 
vectors  Ej\ji  (4)  are  parallel  to  each  other,  and  thus, 
the  field  E{t)  (2)  is  linearly  polarized.  In  contrast 
with  the  work  [2]  in  the  present  work  the  relation 
between  u  and  uo  can  be  arbitrary.  In  accordance 
with  the  central  limit  theorem  the  electric  field  E(t) 
(4)  is  a  stochastic  Gaussian  process. 

Let  the  field  J5(t)  be  a  stationary  Gaussian 
process  with  the  correlation  function 

E{t)E{t  +  r)  =  B .  G(r).  (5) 

Here  {. .  means  averaging,  B  =  {E^}av  is  the 
naean  intensity  of  the  stochastic  field  E(t),  and 
the  correlation  coefficient  describes  the  time 
behaviour  of  the  correlation  function  [G(0)=1]. 

The  result  of  the  calculation  of  the  emission 
spectrum  5(Aw)  of  a  hydrogen  atom  for  the 
transition  a  -4  6  in  the  ’’Gaussian”  field  E(t)  is  the 
foDowing: 

5(Aw)  =  T-i  ^  ReJ  exp(-iAwr)$^fl(r)dr, 

aea.fiei  0 

^0,^(7-)  =  I  <  yjorir  •  e\<Pfi  >  \^Pcp(t), 

PcP (t)  =  exp[  -jlpB  f(r-t)  G(t)  dt],  r>  0. 

0 

(6) 

1^  (6)  <Pa  and  (pfi  are  ’’parabolic”  wave  functions 
of  the  hydrogen  atom,  e  is  the  unit  vector 
of  the  photons  emitted,  and  ja/s  is  the  Stark 
constant:  =<  ipa\z\tpa,  >  —  <  <pp\z\tpp  >  (the 

axis  z  II  E{ty).  We  use  the  atomic  units 
=  TOe  =  e  =  1. 

The  calculations  were  performed  for  the  model 
in  which  the  field  E{t)  represents  a  band  noise 
with  Lorentzian  spectrum.  For  such  model  the 
correlation  coefficient  can  be  represented  in  the  form 

G{r)  =  cos(wor).  (7) 

The  value  21/  is  the  halfwidth  of  the  spectrum 
corresponding  to  the  function  G(t').  Substituting 
(7)  in  (6)  we  obtain 

Pcfi{T)  =  exp{-ylpB{  [(i/2  -  0/2)  cos(wor) 

-2i/oiosin(a/or)]exp(— i/r)  (8) 

+  +  w2  -  1/2}(u;2  ^ 

In  the  case  when  i//u/„  -4  0  the  result  of  [2]  can  be 
derived  from  (8): 

P„^  =«;<p{-(7.>^13/u/2)[1  -cos(a;o7-)]} 
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From  (8)  it  follows  that  for  vfwo  <  1  e-a^rh  satellite, 
in  the  spectrum  (2)  excepting  a  few  satellites  near 
Aw  =  0  has  a  Ixsrentziaa  profile  with  the  halfwidth 
Awi/2  =  In  the  case  Ai/a  >  wo 

the  profiles  of  satellites  are  overlapping,  and  the. 
resultant  profile  is  described  by  the  Gaussian 
function  coinciding  with  (3).  Now  let  us  assume 
that  the  following  conditions  are  valid 

^  1,  'llfiB/ul  >  1,  »  1.  (9) 

Under  these  conditions  the  profile  of  the  spectral 
component  is  also  Gaussian.  A  simple  result  can  be 
also  derived  from  (8)  for  the  case 

'llliBI{wl  +  u‘^)^\.  (10) 

Under  the  condition  (10)  the  profile  of  the 
spectral  component  is  Lorentzian  with  the  haJfwidth 
{{{Jq  +  v^'),  Fig3.1,2  show  the  spectrum 

of  hydrogen  spectral  line  Hs  with  the  polarization 
parallel  to  the  vector  B(t)  (Fig.l)  and  orthogonal 
to  the  vector  E{t)  (Fig;2).  Let  71  and  73  be 
mean  Stark  constants  for  a  hydrogen  spectral  line 
with  polarizations  parallel  E{t)  and  orthogonal  E(t) 
respectively.  Then  73  <  7i.  For  the  line  Hs  the 
satellites  are  visible  clearly  for  the'  polarization 
orthogonal  to  the  field  E{t)  (cf.  Fig.2).  The 
disappearance  of  the  most  of  satellites  in  Fig.l 
(excepting  a  few  satellites  near  the  center  of  the  line 
Hs)  is  due  to  the  fact  that  the  formally  calculated 
halfwidths  of  such  satellites  are  greater  than  the 
separation  between  them  wq  . 

The  results  of  the  present  work  give  an 
opportunity  to  determine  simultaneously  two 
parameters  of  the  turbulent  electric  field  E(t)  in  a 
plasma:  the  R.M.S.  strength  B^^^  and  the  spectral 
width  i/.  For  this  it  is  necessary  to  record  spectral 
line  profiles  of  hydrogen  with  two  polarizations: 
parallel  to  the  vector  E(t)  (the  profile  5i(Aw)) 
and  perpendicular  to  the  vector  E(t)  (the  profile 
52(Aw)).  The  profiles  Si  (Aw)  and  S3(Aw)  may 
differ  from  each  other  not  only  in  their  halfwidths, 
but  also  qualitatively  (as  is  shown,  e.g.,  in  Figs.1,2). 
Let  us  assume  that  the  frequency  wq  is  known 
beforhand  (or  is  measured  by  using  the  separation 
between  satellites  of  a  hydrogen  spectral  line). 
Then  the  values  B^f^  and  v  may  be  obtained 
by  comparing  the  experimental  profiles  Si  (Aw) 
and  S3(Aw)  with  a  set  of  the  theoretical  profiles 
calculated  for  different  values  of  B  and  u  by  using 
the  formulas  (6),  (8). 
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1.  Introduction 

The  problem  of  calculating  optical  properties  of  hot, 
dense  plasmas  (the  shape  and  intensity  of  spectra 
lines,  the  opacity)  and  Stark-broadening  diagnostics 
of  these  plasmas  arise  in  various  physical  experiments 
and  technical  processes  and  in  astrophysics.  The 
computation  of  the  line  shapes  is  an  important  task  in 
this  problem,  because  of  the  profiles  of  spectra  lines, 
broadened  mostly  by  Stark  effects  firom  electric 
microfield  of  plasma,  have  been  long  used  for 
determining  electron  and  ion  densities  and  for 
calculating  photoemission  and  photoabsorption  by  hot 
matter. 

Plasma  broadening  of  spectra  lines  arises  firom 
interaction  of  the  radiator  with  electric  microfield 
both  electrons  and  ions  of  plasma.  It  is  assumed  to 
distinguish  two  types  of  electric  fields,  a  high- 
firequency  field  of  electrons  and  low-firequency  field 
of  shielded  ions.  It  is  now  customary  to  treat  the 
electrons  with  an  impact  theory  and  to  obtained  the 
ions  contribution  by  quasistatic  approximation.  This 
assumptions  allow  to  describe  the  far  wings  of  spectra 
lines.  However,  the  motion  of  ions  can  produce 
significant  discrepancy  near  line  center.  The 
experiment  [1]  have  shown  that  this  ion-dynamic 
effects  can  change  the  halfwidth  of  the  lines  with 
unshifted  components,  such  as  by  a  factor 

of  2  or  more  with  respect  to  quasistatic  approximation 
for  ions.  Computer  simulations  [2]  were  performed  to 
study  the  effects  of  ion  dynamics  on  spectra  line 
shape  of  charged  hydrogenic  enoitters.  It  was  shown 
[2]  that  considerably  large  effects  due  to  ion  motion 
are  observed  near  the  line  center  at  this  case. 

It  was  shown  in  [3]  that  the  main  factor  of 
broadening  near  the  line  center  is  the  rotation  of  the 
ionic  microfield.  The  perturbation  theory  was  used  for 
calculations  of  the  corrections  on  thermal  motion  of 
ions  [3,4].  That  is  why  this  corrections  are  suitable 
for  the  low  temperature  plasma  only,  when  they  are 
small.  The  influence  of  ions  motion  on  the  line 
broadening  in  hot  plasma  is  so  hard  that  the 
perturbation  theory  is  not  suitable.  The  difficult 


model  [5]  was  constructed  for  this  case.  In  spite  of  its 
difficult,  this  model  gives  rather  accurate  results  only 
for  Ly^  lines.  For  more  complicated  lines,  such  as  Lyp 
its  accuracy  falls  off. 

Often  the  models  mentioned  above  not  suitable  for 
practical  applications,  because  the  simple,  suitable  for 
large  scale  numerical  calculations,  applied  at  wide 
rang  of  temperature  and  densities  models  are  needed 
for  plasma  diagnostics  and  opacity  calculations. 

2.  The  model  of  ion-dynamic  broadening 

The  new  universal  analytic  semiempirical  model  of 
ion-dynamic  broadening  for  all  intermediate  region 
between  the  impact  limit  and  the  perturbation  theory 
corrections  to  the  static  approximation  of  ion 
broadening  was  obtained.  This  model  was  constracted 
by  to  steps: 

1)  Simple  physical  model  was  used  for  extracting  the 
general  functional  relation  between  the  broadening 
and  the  plasma  temperature  and  density.  We  used  the 
one-particle  approach  [6]  for  determining  this 
relation.  The  line  profile  is  reduced  to  quadratures 
with  special  functions  at  this  case.  The  analytic 
approximation  for  this  quadratures  have  been 
constructed.  This  model  gives  only  the  general 
proportions  between  the  line  halfwidth  and  the  plasma 
conditions.  So  we  have  to  determine  the  coefficient  of 
this  proportion,  which  due  to  many-particle  effects  in 
plasma. 

2)  The  analytic  approximation  for  this  coefficient 
which  connected  the  impact  and  quasistatic  limits  was 
constracted.  The  single  free  parameter  at  this  model 
was  selected  to  provide  the  best  agreement  of  the 
results  obtained  with  the  experiment  [1]  or  with 
calculations  of  the  lines  shape  by  molecular  dynamic 
(MD)  method  [2]. 

3.  Results 

We  tested  our  model  to  compare  our  results  with 
experiments  in  hydrogen  [1]  at  r~10‘*(K), 
77g~10^®(cm'^)  and  with  MD  calculations  [2,7]  for 
hydrogen  at  the  same  conditions  and  for 
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at  r-10®(K),  iV^-10^^(cm'^).  In  spite  of  the  very 


LoglOC Lambda,  nml 

Fig.l.  Comparison  of  measured  (*,  *,  *)  and 

calculated;  the  present  model  ( - ),  static  ions  (  - 

-  -  Ly„  hydrogen  Stark  profiles.  The  intensity  of 
the  line  calculated  by  the  static  model  for  ions  is 
equal  to  1  for  AX=0.  We  use  log-log  coordinates  for 
more  detailed  comparison  as  the  line  center  as  the  far 
wings  of  the  line. 

difierent  plasma  conditions  at  this  cases  our  model 
gave  good  accuracy  (Fig.  1,2,3).  Emphasize  that  the 
guasistatic  model  is  rather  well  for  a  far  wings  of 
spectral  line  (Fig.  1,3),  but  there  are  significant 
deviations  between  this  model  and  experiment  or  MD 
results  near  the  line  center.  As  opposed  to  this  result, 
the  model,  presented  here,  describe  well  as  the  line 
center  as  the  far  wings  of  the  line. 


Also  we  tested  the  variation  of  the  line  profile  with 
changing  the  reduced  mass  of  radiator-perturbing-ion 
pair.  It  was  founded  in  experiment  [8]  that  the  ratio 
of  the  profiles  Ly„  of  D  in  At*  and  H  in  Ar* 
respectively,  at  the  line  center  is  equal  to  1.17  for 
r=15500(K),  Afg=2-10i'^(cm-3).  The  proposed  model 
give  the  close  result  (1.18)  for  this  conditions.  So  the 
discrepancy  is  less  than  1%. 


Fig.3.  Ly^  spectral  line  of  The  markings  are  the 
same  as  Fig.2. 
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1.  Introduction 

The  positive  column  of  a  low-pres¬ 
sure  Ar-Hg  discharge  has  been  ap¬ 
plied  as  an  excitation  source  for  a 
fluorescent  lamp  for  illumination. 
Many  studies  on  the  diagnostics  and 
fundamental  mechanisms  have  been 
carried  out  on  both  the  classical 
fluorescent  lamp  (d=36mm)  [1-3]  and  a 
compact  fluorescent  lamp  (d=12mm) 
[4-6], 

On  the  other  hand,  a  lamp  of  ex¬ 
tremely  narrow  inner  diameter  (usu¬ 
ally  below  6mm)  has  been  recently 
developed  for  liquid  crystal  display 
(LCD)  backligting  and  its  importance 
is  undoubtedly  increasing.  Ar  fill¬ 
ing  pressure  (a  few  ten  Torr)  of  LCD 
is  higher  than  that  of  classical  and 
compact  fluorescent  lamp  (3Torr). 
Some  characteristics  or  mechanisms 
of  the  narrow-diameter  lamp  may  be 
similar  to  those  of  the  36mm  one; 
however,  the  similarity  rule  does 
not  hold  between  them  due  to  the 
contributions  from  a  stepwise  ioni¬ 
zation  process  taking  place  in  the 
36mm  lamp[3].  Therefore,  in  order 
to  clarify  the  excitation  mechanism 
in  the  narrow-diameter  lamp  quanti¬ 
tatively,  various  parameters  must  be 
measured  directly  and  some  analysis 
must  be  done. 

The  Hg6p’Po,i,2  state  densities 
and  Hg'^  ground  state  density  are  im¬ 
portant  parameters  for  clarifying 
the  excitation  mechanism  quantita¬ 
tively.  In  this  work,  using  a  modi¬ 
fied  absorption  method[7].  we  have 
measured  the  Hg6p’R).i  ,2  state  and 
Hg"^  ground  state  densities  in  the 
Ar-Hg  discharge  of  tube  diameter  4mm 
Ar  filling  pressure  20Torr  and  dis¬ 
charge  current  5mA  and  lOmA  on  bath 
temperature. 


2.  Experiment 

The  Hg6p’Po,i  ,2  state  and  Hg*^ 
ground  state  densities  were  measured 
with  the  modified  absorption  method. 

The  principle  of  this  method  is 
described  in  detail  in  Ref.  [7].  The 
discharge  tube  was  made  of  quartz 
glass  of  4mm  inner  diameter  and  has 
one  anode;  A,  and  two  cathodes :Kt 
and  K2  .  The  discharge  could  be  ob¬ 
tained  at  A-K|  (^  =3cm)  and  A-K2 
(2^  =6cm)  by  changing  the  switch  SW. 
The  Ar  filling  pressure  was  20Torr. 
The  tube  was  placed  in  a  water  bath, 
to  control  Hg  vapor  pressure  by  con¬ 
trolling  the  water  temperature. 

First,  a  discharge  was  obtained 
between  anode  A  and  cathode  Ki  and 
the  endlight  intensity  Ii  of  the 
Hg(I)  line  (7s’S  ,  -  Hp^P  0.  1,2) 
from  the  plasma  I  was  measured  with 
monochromator.  Next,  the  discharge 
was  switched  from  A-K|  to  A-K2  and 
the  endlight  intensity-l2  of  the 
line  from  the  plasma  I+D  was  mea¬ 
sured.  Then,  the  ratio  of  the  two 
light  intensities  is  given  by 

^  -  1  =  G{Kl) 

^  /[I  -  ex(i{-kolf{v))\&cp{-kolfiy))dv 
/[I  ~  expi-kolf{u))]du  ■ 

Here,  ko  is  the  absorption  coeffi¬ 
cient  at  the  line  center  of  the 
Hg-^'*^  isotope  component,  /  is  the 
plasma  length,  and  f(i/)  is  the  func¬ 
tion  giving  the  profile  of  the  404.7, 
435.8  or  546.  Inm  line.  Since  the 
transmissivity  of  the  window  is  not 
included  in  eq. (1),  the  absorption 
coefficient  of  an  ultraviolet  or 
visible  line  can  also  be  measured 
exactly  with  this  method.  When  k(>£ 
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is  known  from  the  measured  I2/I1  and 
eq.  (1).  the  Hg6p’Po,i,2  state  den¬ 
sities  can  be  obtained.  The  Hg' 
ground  state  density  is  determined 
with  the  same  procedure  as  that  the 
Hg  6p’Po,i,2  state  densities. 

3.  Results  and  Discussion 

Figures  1  (a)  and  1  (b)  show  the 
bath  temperature  dependences  of  the 
HgBp’Po,  1,  2  state  and  Hg^  ground 
state  densities  obtained  on  the  tube 
axis  at  the  discharge  current  of  5mA 
and  10mA,  and  the  Ar  filling  pres¬ 
sure  of  20Torr.  They  increase  with 
the  bath  temperature.  Hg^  ground 
state  density  shows  the  trend  of 
saturation  above  70°C.  This  trend 
is  similar  to  that  obtained  in  the 
Ar  filling  pressure  3Torr[8].  The 
value  of  Hg*^  ground  state  density  is 
higher  than  that  obtained  at  Ar 
pressure  3Torr. 
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Fig.  1.  Bath  temperature  dependences  of  Hg6p’Po.i,2  state  and  Hg"*-  ground 
state  densities  at  the  discharge  current  of  (a)  5mA  and  (b)  10mA. 
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1. Introduction 

When  CF3,  CF2  and  CF  radicals  are  used  as  Ute  reac¬ 
tive  gas  for  dry  etcliing  of  semiconductors,  contribution 
of  radicals  of  CFa,  CF2,  CF  and  F,  the  etchant,  in  the 
etcliing  processes  has  been  regarded  important  and 
widely  studied.  However,  tlie  details  of  tlie  cheinistrj' 
and  physics  in  tlie  etcliing  reactors  are  not  fully  under¬ 
stood  since  measurements  of  free  radicals  in  CFi  pla¬ 
sma  are  very  difficult. 

CF  and  CF2  radicals  liavc  been  detected  by  a  laser 
induced  fluorescence  technique [1-41  and  tilso  by  an  in¬ 
frared  diode  laser  absoption  technique.  [5]  On  tlie  other 
hand,  CF3  and  CF2  radicals  have  been  measured  by  a 
tlineshold  ionization  mass  spectrometr},'  in  a  CFi  rf  pla¬ 
sma.  [6]  These  radicals  are  employed  for  modeling 
analysis  and  others  in  tlie  computer  siniuration,  and 
useful  to  clarify  tlie  etcliing  mechanisum  in  a  CFr  pla¬ 
sma.  Therefore,  systematic  measurement  must  be  car¬ 
ried  under  the  same  condition  because  CF3,  CF2  and 
CF  radicals  liave  been  reported  under  different  condi¬ 
tions  of  discharge  plasma. 

In  tills  study,  we  have  used  the  tlireshold  ionization 
mass  spectrometry[6-8]  to  determine  absolute  densities 
of  CF3,  CF2,  CF  and  have  compared  these  densities. 

2.Experiment 

The  used  discharge  tube  is  made  of  pyrex  glass  of 
3cm  inner  diameter  witli  cold  catliode.  The  CF4  gas 
at  flow  rate  of  lOsccm  was  supplied  to  tlie  discharge 
tube  by  a  mass  flow  controller.  The  pressure  in  the  dis¬ 
charge  tube  was  measured  witli  a  capacitance  mano¬ 
meter.  The  CF4  gas  was  pumped  tlirough  the  discluirge 
tube.  The  excitation  of  die  discliargc  was  made  by  DC 
discliarge  (20inA).  The  neutral  species  effusing  from 
tlie  plasma  were  introduced  into  a  quadrupole  mass 
spectrometer  (QMS)  tlirough  orifice  of  a  diameter  of 
200  /i  m  at  the  catliode  side.  Pressures  of  6  lO”*^ 

and  7  ^10  Torr  were  obtained  in  tlie  quadrupole 
housing  and  discharge  tube,  respectively,  under  diffe¬ 
rential  pumping  witli  two  turbo  molecular  pumps.  Ei'eii 


with  0.  4Torr  pressure  in  the  discharge  tube,  the  pre¬ 
ssure  in  the  quadnipole  housing  did  not  rise  above  5.  1 
X  10“^  Torr.  The  orifice  is  off  plasma  to  minimize 
the  background  of  discharge  plasma.  The  neutral  spe¬ 
cies  is  ionized  by  an  electron  beam  energy  fioiii  a  fila¬ 
ment  in  the  ioiii/rition  chamber. 

3.Results  and  Discussion 

A  threshold  ionization  technique  is  based  on  scvenil 
eV  difference  in  threshold  energies  for  electron-impact 
ionization  of  parent  molecule  and  the  radical.  Figncr  1 
shows  tlie  semilogarithmic  plot  of  the  QMS  output  cur¬ 
rent  Iqms  for  CF3*  (ni/e=69)  as  a  function  of  electron 
beam  etiergy  Ee.  Here,  Uie  electron  beam  energy  was 
calibrated  by  measuring  the  ionization  tlueshold  of  Ar 
gas(15.  75eV).  There  is  a  differetice  of  about  6eV  bet¬ 
ween  tlie  dissociative  ionization  tlueshold  of  CF4 
CF3'"  (E3  =16.  3eV)  and  tlie  CF3  radical  ionization  tlier- 
shold  of  CF  3  CF3^  (E3’=10.  4eV)[9].  When  tlie  dis¬ 
charge  is  turned  off,  electron-impact  dissocitation  of 
CF4  gh’cs  rises  to  fragment  ion  CF3*  at  energy  liigher 
than  tliis  tlueshold  (CF4  ^  CF3^  :  E3  =  16.  3cV). 


Electron  beam  energy  Eg  [eV] 

Fig.  1.  Quadmpole  mass  spectrometer  output  current 
for  CFa""  (m/c=69)  as  a  function  of  electron  beam 
energy,  witli  tlie  discharge  on  (open  circles)  and  the 
discharge  off  (closed  circles). 
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As  seen  in  Fig.  1,  the  data  taken  witli  the  discliargc  off 
lias  small  residual  signal  below  tlic  tlircshold,  probably 
due  to  dissociation  of  impurity  gases.  The  obscrval  dif¬ 
ference  between  upper  and  lower  curv'e  in  Fig.  I  is 
attributed  to  electron  impact  ionization  of  CFs  effusing 
from  tlie  plasma  when  tlie  discharge  is  on.  Tliereforc, 
the  CFa  density  n  in  llie  plasma  is  proportional  to  the 
difference  between  botli  QMS  output  current  Tqms  be¬ 
low  16eV  and  it  can  be  obtained  from  the  cquationlG] 

I'qms  =  Iqms (discharge  on)  -  Iqms (discharge  olT) 

=  A  <3- (£);;,  (1) 

where  a  (Ec)  represents  the  CFa  ionization  cross  sec¬ 
tion  for  each  value  of  electron  impact  energy  and  A  is 
a  constant  wliich  depend  on  tlie  vacuum  conductance 
of  tlie  orifice  and  the  QMS  sensitivity. 

A  can  be  obtained  from  tlie  discliarge  off  CFa"^  sig¬ 
nal  due  to  CFi  fragment  ion  if  eq.  (1)  is  applied  rep¬ 
lacing  n  by  CF4  density  and  a  (Ee)  by  the  dissociative 
ionization  cross  section.  Eq.  (1)  can  be  transfoniied  as 
shown  in  the  following  equation 


A  I 'QMS 

A  E. 


An 


A  O  (Ee) 
A  B 


(2) 


By  substituting  tlie  slope  A  Iqms  /  A  Ee  (discliagre 
off)  when  E*  above  E3  in  Fig.  2  is  plotted  on  tlie 
linear  scale,  and  tlie  slope  A  o  (E«)  /  A  Ee  of  tlie 
dissociative  ionization  cross  section  (CF4^  CF3*  )[10] 
into  eq.  (2),  we  can  determine  tlie  value  of  A,  Using 
tills  value  of  A,  and  substituting  Uie  slope  A  Iqms  / 

A  Ee  when  tlie  Ee  between  tlireshold  E’3  (10.  4eV)  and 
E3  (16.  3eV)  in  Fig.  2  is  plotted  on  the  linear  scale  and 
slope  A  a  (Ee)/  A  Ee  of  the  ionization  cross  section 
(CF3  -♦  CF3*  )[10j  into  eq.  (2),  wc  can  obtain  CF3 
density. 

Using  tlie  data  for  dissociative  ionization  cross  sec- 
lion(CF4  CFz"^,  CF4  ^  CF  ^  )[10l  and  the  ionization 
cross  section  (CFz  CFz"^,  CF  CF  *  )[1 1],  we 
detemiined  CF2  density  and  CF  density  witli  tlie  same 
procedure  as  tliat  tlie  CF3  density.  The  following  value 
were  obtained  for  n(CF3),  n(CF2)  and  n(CF)  ;  n(CF3)  = 
2.  6xl0‘^cm'\  n(CF2)=  1.  bxlO'^cni'",  n(CF) 
=  1.  3  X  10  ’  ^  cm  The  radical  density  ratio  is  esti¬ 
mated  to  be  n(CF3)  :  n(CF2)  ;  n(CF)  ~  2  :  1  :  1. 
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1.  Introduction 

Low-pressure  CF4  discharge  plasmas  are  used 
extensively  for  dry  etching  of  semiconductor  devices. 
Mi.\ing  CF4  with  O2  or  H2  provides  etching  selectivity 
between  Si  and  Si02.  Laser-induced  fluorescence 
(LIF)  has  been  used  as  a  diagnostic  technique  in  such 
plasmas,  due  to  its  high  sensitivity  and  selectivity  in 
measurement.  [1]  This  LIF  technique  has  been  applied 
to  obtain  information  on  the  buildup  and  decay  of  CF2 
and  CF  radical  densities  in  pulsed  CF4  discharges.  [2-5] 

Tlie  diffusion  coefficient  of  a  radical  is  one  of  the 
important  parameters  needed  to  clarify  the  etching 
mechanism  in  CF4  plasma.  Measurements  of  the 
diffusion  coefficient  have  been  carried  out  for  the  CF2 
radical  in  Ar,[6]  CF4[7]  and  02[8]  and  for  the  CF 
radical  in  CF4  and  H2.[9] 

In  this  study,  we  have  used  LEF  to  probe  the  decay 
of  transient  CF  radical  density  in  pulsed  CF4/H2  plasma 
and  have  determined  the  diffusion  coefficient  of  the  CF 
radical  in  CF4  and  H2. 

2.  Experimental 

Tlie  discharge  tube  was  a  hollow  catliode  tube 
consisting  of  a  stainless  steel  cylindrical  cathode  (10cm 
inner  diameter,  30cm  long)  with  optical  access  parts  and 
two  tungsten  pin  anodes  (1.5mm  diameter).  CF4  was 
supplied  to  the  discharge  tube  by  a  mass  flow  controller 
at  a  flow  rate  of  2sccm.  The  pressure  in  the  discharge 
tube  was  measured  with  a  capacitance  manometer. 
Then  H2  gas  was  added  to  the  CF4  gas  and  the  H2 
pressure  was  obtained  from  the  capacitance  manometer 
reading  based  on  the  increase  in  pressure.  The  CF4/H2 
gas  mixture  was  pumped  through  the  discharge  tube.  A 
DC  pulsed  voltage  witli  a  repetition  frequency  of 
lOHz,  a  widdi  of  0.5ms  and  a  discharge  current  of 
300mA  was  applied  between  the  electrodes.  After 
0.5ms,  the  current  falls  to  a  zero  level  within  1  //  s. 
Digital  delay  generators  provided  precise  timing  control 
of  the  discharge,  laser,  and  detection  equipment.  Laser 
excitation  was  provided  by  a  Nd'^*:YAG  pumped  dye 
laser  (Quanta  Ray  DCR-3G/PDL-2)  witli  a  wavelengdi 
e.xtender  (WEX-1). 

Fluorescence  was  collected  at  90°  from  tlie  incident 


beam  using  a  quartz  lens,  focused  onto  the  entrance  slit 
of  a  monochromator  (Nikon  G-250),  and  detected  with 
a  photomultiplier.  Tlie  signals  were  averaged  over  300 
samples  in  50ns  gate  using  a  boxcar  integrator 
(Stanford  Research  Systems  SR250). 

The  232. 9nm  laser  beam  of  0,05mJ/pulse  was  used  to 
excite  CF  radicals  from  the  ground  state  X*  11  (v=0)  to 
the  excited  state  A*  E  *(v’=0).[10]  The  relative  density 
of  CF  radicals  was  determined  from  an  intensity  change 
of  the  emission  band  at  255.5nm,  which  corresponds  to 
the  A®  S  *(v’=0)-^  X®  n  (v=3)  transition. 

3.  Results  and  Discussion 


In  a  simplified  model  of  tlie  discharge  afterglow,  the 
CF  radical  density  N  will  vaiy  roughly  as 


N  =  No  exp 


(1) 


where  No  is  the  initial  CF  radical  density,  and  the 
lifetime  of  CF  radical  r  [11]  is  provided  by 


1 


A®P 


V  2(2- a) 


Kwall  D  A  V  a  '  ' 
Kwall  is  the  effective  loss-rate  constant,  A  is  the 
diffusion  length  of  the  container,  P  is  the  pressure  in 
Torr,  D  is  the  diffusion  coefficient  of  CF  radical  in  the 
CF4/H2  gas  mixture  at  ITorr,  V/A  is  the  volume  to 
surface  area  ratio  of  the  container,  U  is  the  kinetic 
mean  velocity  of  CF  radical,  and  a  is  sticking 
coefficient.  The  first  term  in  eq.(2)  is  proportional  to 
the  gas  pressure,  and  assuming  that  the  a  is  constant, 
the  second  term  is  constant. 

Figures  1  and  2  show  the  dependences  of  lifetime  of 
the  CF  radical  on  the  H2  partial  pressure  and  the  total 
pressure,  respectively.  The  lifetime  increased  with  H2 
pressure  under  constant  CF4  pressure  and  total 
pressure.  These  linear  increases  show  that  gas  phase 
recombination  riactions  ate  much  smaller  than  the 


diffusion  to  the  chamber  walls  and  can  be  neglected 
under  the  conditions  of  Figs.l  and  2.  The  radial 
distribution  of  tlie  CF  radical  density  in  die  discharge 
decreased  gradually  along  tlie  direction  of  radius  under 
tlie  present  discliarge  conditions.  Tliis  distribution 
curv'e  was  approximated  to  tlie  zerotli  Bessel  function. 
Tlierefore.  tlie  lifetime  r  in  the  CF4/H2  discharge 
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plasma  is  given  by  eq.(2). 

The  linear  relationship  shown  in  Figs.l  and  2 
indicates  that  the  diffusion  coefficient  in  eq.(2)  can 
approximately  satisfy  Blanc’s  law: 

Z  =  ^(CF4)  P(H2) 

D  f5(CFinCF4)  D(CF  in  H2)  ’ 


Here  DiC¥  in  CF4)  and  Z>(CF  in  H2)  are  tlie  diffusion 
coefficients  of  CF  in  CF4  and  H2  at  ITorr,  respectively. 
When  eq.(3)  is  substituted  into  eq.(2),  we  obtain 


_  A  2  P(CF4)  V 

~  ^  D(CF  in  CF4)  ^  A 

£»(CFinH2)  . 


2(^a) 

IFa 


(4) 


Tlie  first  and  second  tenns  on  the  right  of  eq.(4) 
become  constant  and  tlie  third  term  is  proportional  to 
H2  partial  pressure  under  the  present  conditions.  From 
the  slope  of  the  straight  line  in  Fig.l,  D(CF  in  H2)  is 
estimated  to  be 


D(CF  in  H2)  =  660  cm^-Torr-s"* 

at  room  temperature.  From  the  value  of  D(CF  in  H2) 
and  tlie  slope  of  the  straight  line  in  Fig.2,  D(CF  in 
CF4)  is  estimated  to  be 

D(CF  in  CF4)  =  240  cm*-Ton-s"'. 

These  values  were  in  good  agreement  with  that  obtained 
in  infrared  diode  laser  absorption  spectroscopy. [9] 
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Fig.l  Lifetime  of  the  CF  radical  as  a  function  of  the  H2  partial  pressure 
at  the  CF4  partial  pressure  of  0.05  Ton*  and  the  flow  rate  of  2  seem. 


CF4/H2  total  pressure  [Torr] 

Fig.2  Lifetime  of  the  CF  radical  as  a  function  of  the  CF4(2%)/Ft2  total 
pressure  at  the  total  Bow  rate  of  92  seem. 
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1.  Introduction 

Low  pressure  plasmas  (about  1  Torr)  are  very 
eflBcient  sources  of  active  species  (radicals,  excited 
neutrals,  ions)  and  their  applications  increase 
continuously  (thin  films  deposition  and  etching, 
polymer  treatments,  environmental  applications).  For 
these  processes,  the  neutral  temperature  is  an  important 
parameter.  In  hydrogen  plasma,  it  was  recently  reported 
that  the  H  atom  temperature  Th  is  higher  than  the 
molecular  temperature,  both  in  the  positive  column  of  a 
DC  discharge  [1]  and  in  surface  wave  discharges  [2]. 
Up  to  now,  these  measurements  have  been  performed  at 
the  steacfy  state. 

For  example,  it  was  shown  that  the  H  atom 
temperature  does  not  depend  on  the  gas  velocity  in  a 
flowing  surface  wave  discharge,  suggesting  that  the 
heating  of  the  gas  occurs  in  very  short  time.  In  the 
present  stucfy,  we  investigate  the  heating  of  the  gas  (H 
and  H2)  during  a  short  pulse  (10  ps)  in  a  microwave 
discharge  created  in  a  cavity.  Three  distinct 
temperatures  are  determined  at  Ae  same  time:  the 
kinetic  temperature  of  the  H  atoms  and  of  the 
molecules,  and  the  rotational  temperature  of  the 
molecules.  The  purpose  of  this  study  is  to  evaluate  the 
power  balance  in  order  to  understand  the  mechanisms 
and  the  time  caracteristics  of  the  heating  of  the  gas. 

2.  Experiment 

The  discharge  is  created  in  a  quartz  tube  (inner 
diameter  =16  mm),  set  in  a  microwave  cavity  excited 
at  the  frequency  =  1.12  GHz.  The  microwave  generator 
supplies  10  ps  pulses,  with  a  duty  cycle  equal  to  10'^. 
Two  distinctive  microwave  powers  are  studied;  4kW 
and  8  kW.  In  both  cases,  the  cavity  length  is  set  so  that 
all  the  incident  power  is  absorbed  by  the  plasma  at  the 
end  of  the  pulse  (critical  coupling).  The  mechanisms  of 
the  breakdown  in  this  cavity  are  described  in  ref  [3].  In 
the  following,  results  presented  have  been  obtained 
after  the  gas  breakdown  (t  >  0. 1  ps). 

Temperature  measxuements  are  performed  using  a 
JY  HR 1000  spectrometer,  providing  a  resolution  of 
0.005  nm  at  the  2°  order  of  the  1200  lines/mm  grating. 
Atomic  and  molecular  temperatures  (Th  and  Th2)  are 
deduced  from  Doppler  broadening  of  H,,  Hp  lines  for 
the  H  atoms  and  of  B'lu^  ->  G'E/  (v’=v  =  0) 
462.8  nm  line  for  the  molecules.  For  the  atomic  lines, 
the  fine  structure  is  deconvoluted:  THa,p  is  determined 
by  comparing  the  experimental  atomic  line  spectrum 
with  a  calculated  spectrum  taking  into  account 
altogether  the  fine  structure,  Doppler  broadening  and 


apparatus  broadening.  The  rotational  temperature  is 
deduced  from  the  Fulcher  a  band  (a^Sg^  (v’=l)  -> 
d^nu(v=l))  (N=l,3,5).  As  discussed  in  [1],  the 
rotational  constant  to  be  considered  is  the  rotational 
constant  of  the  ground  state  Bv=60  cm'’.  The  intensity 
line  signal,  averaged  along  the  tube  axis,  is  time 
resolved  using  a  bo.xcar  averager  EGG  4420. 

3.  Results 

Rotational  temperature. 

In  the  following,  the  time  t=0  is  refered  to  the 
beginning  of  the  pulse.  Figure  1  presents  the  rotational 
distribution  (F<x  band)  for  different  time  t  after  the 
beginning  of  the  pulse.  It  appears  that  at  t=0.8  ps  the 
rotational  distribution  is  very  far  from  the  Boltzmarm 
law.  Even  at  the  end  of  the  pulse  (t=9.5  ps),  the 
rotational  distribution  is  not  completely  relaxed. 
However,  a  mean  rotational  temperature  Trot  can  be 
defiried  by  fitting  the  rotational  distribution  by  a  linear 
regression.  At  t=9.5  ps.  Trot  increases  from  1580  K  to 
1820  K  ,  when  the  microwave  power  increases  fi'om 
4kWto8kW. 


Figure  1.  Rotational  distribution  for  different 
instant  of  the  pulse  .  p=ITorr,  P=4kW. 

Kinetic  temperatures  and  gas  temperature. 

The  molecular  singlet-singlet  transition  B'Z/  -> 
G  2g  is  considered  because  no  fine  structure 
complicates  the  determination  of  the  temperature  by 
Doppler  broadenning.  In  this  experiment,  the 
dissociation  degree  is  supposed  to  remain  very  low,  due 
to  low  duty  cycle  ratio  (1/1000),  and  the  shortness  of 
the  pulse  duration  (t=10  ps).  Indeed,  It  was  previously 
shown  by  laser  induced  stimulated  emission  that  the 
effective  dissociation  time  of  the  H2  molecule  by 
electron  impact,  is  typically  10  ms  at  1  torr  for  an 
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electron  density  n<,=10’^cm'^  [4].  Therefore,  Th2  is 
expected  to  be  the  kinetical  temperature  of  the  neutrals. 
Figure  2  represents  the  time  evolution  of  the  kinetic 
temperature;  Thz  increases  sharply  during  2.5  |is  from 
300  K  to  about  900  K. 


Figure  2:  Time  evolution  of  the  molecular 
temperature  Th2-  p=lTorr,  P=4kW 

The  determination  of  the  atomic  temperature  from 
balmer  lines  must  be  discussed  in  detail.  Figure  3a  and 
3b  present  the  line  at  the  begining  (t=0.9  ps)  and 
the  end  (t=9.5  ps)  of  the  pulse  respectivelly.  At  the 
beginning  of  the  pulse,  the  experimental  spectrum  Ha 
can  not  be  fitted  by  a  simple  theoretical  calculation 
(figure  3a).  In  such  cases,  a  non  doppler  broadening  of 
balmer  lines  are  generally  attributed  to  dissociative 
excitation  (e  +  Hz  ->  e  +  H  +  H(n)).  However,  figure  3a 
exhibits  a  splitting  of  the  line  which  can  also  be 
attributed  to  a  strong  stark  effect  (1  mixing  of  the  J=l/2 
and  3/2  components);  indeed,  at  the  beginning  of  the 
pulse  (just  after  the  breakdown),  the  electric  field  is  still 
very  high.  Work  is  in  progress  in  order  to  imderstand 
this  phenomena.  At  the  contrary,  at  the  end  of  the 
pulse,  the  theoretical  spectrum  fits  perfectly  the 
experimental  one  (the  corresponding  temperature  is 
THa=1950  K),  which  shows  that  the  determination  of 
the  H  atom  temperature  is  perfectly  valid  in  this  case. 
The  temperature  Tnp  determined  in  the  same  way  by 
deconvoluating  the  Hp  line  is  equal  to  Tnp  =1800  K  at 
the  end  of  the  pulse.  The  difference  between  Tna  and 
Thp  is  within  the  error  bars. 

Heating  of  the  H  atoms. 

These  results  show  that  the  H  atom  temperature  is 
considerably  higher  (about  1900  K)  than  the  molecular 
temperature  (900  K),  after  a  10  ps  pulse.  This  was 
attributed  to  the  fact  that  the  thermal  energy  of  the 
neutral  particules  is  provided  by  the  dissociation  of  the 
molecules  by  electron  impact  e  +  Hz  ->  e  +  H  +  H  (3.5 
eV  per  atom),  which  creates  hot  H  atoms.  The  H  atoms 
lose  part  of  their  energy  by  very  efficient  momentum 
transfer  on  the  molecules. 
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Figure  3:  Experimental  and  calculated  spectra  of 
the  Ha  lin,  at  the  beginning  of  the  pulse  (3a)  and  at  the 
end  of  the  pulse  (3b).  p=lTorr,  P=4kW. 

Heating  of  the  molecules  : 

Th2  increases  from  300  K  to  900  K  in  less  than 
2.5  ps.  The  heating  of  the  molecules  is  sustained  by  two 
main  mechanisms: 

•Dissociation  of  the  molecules  and  creation  of 
energetic  neutrals  as  described  above. 

•electron  neutral  elastic  collisions. 

Work  is  in  progress  in  order  to  quantify  these  two 
mechanisms. 
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Abstract 

Electron  impact  cross  sections  for  non  radiative  transitions  A  C  ^11^  and  A  -  B  ^E^  are 
unknown.  Nevertheless,  for  calculations,  it  is  often  assumed  that  Franck-Condon  factors  can  be  used  as 
a  substitute.  These  calculations  are  proposed  here;  they  are  justified  by  the  lack  of  reference  in  spectro¬ 
scopic  tables,  since  they  mainly  concern  radiative  transitions. 

Taking  into  account  a  partial  excitation  starting  from  the  metastable  state  A  the  use  of  the  Franck- 
Condon  factors  enables  us  to  compute  spectra  of  the  second  positive  system  and  the  first  negative  system 
of  nitrogen  N2.  The  calculated  spectrum  is  conpared  with  an  experimental  one,  as  it  appears  in  the  next 
paper. 


introduction 

An  abnormal  distribution  of  the  intensity  of  the 
molecular  band  of  the  second  positive  system  of  N2  is 
observed  in  the  tight  from  the  cathodic  region  of  a 
low  current  electric  arc  (see  next  paper). 

This  suggests  that  a  partial  excitation  of  the 
electronic  level  C  is  possible,  starting  from  the 
metastable  level  A^E„^.  At  this  time,  the  cross 
sections  for  tliis  electron  impact  transition  are 
unknown.  Similarly,  the  Franck-Condon  factors  are 
omitted  in  the  tables,  since  this  transition  is  non 
radiative. 

The  cross  sections  values  cannot  easily  be  theore¬ 
tically  evaluated,  but  the  Franck-Condon  factors  can 
be  accessed  by  computation  following  the  method 
given  by  Nicholls  [Ij. 

Calculation  results 

Computation  are  made  for  the  transitions 
A  C  and  A  B  ^E„  with  the  cons¬ 
tants  given  by  Nicholls  [1]. 


The  computed  values  of  the  Franck-Condon 
factors  are  given  in  tables  1  and  2. 

Simulated  spectra 

The  computed  factors  are  then  introduced  in  the 
simulation  c^e  for  the  second  positive  ^stem  of  N2 
already  made  by  Hartmann  et  Johnson  [2],  further 
used  for  spectra  simulations,  [3-6].  Simulation  of  the 
first  negative  system  of  N2  was  made  later. 

The  present  simulated  spectra  are  obtained  assum¬ 
ing  5000K  for  the  rotation  and  vibration  tempera¬ 
tures.  The  entrance  and  exit  slits  of  the  assumed 
monochromator  are  of  .  1  and  .5  nm  equivalent  width 
respectively.  The  displacement  is  by  .5  nm  steps. 

We  show  the  simulated  spectra  of  the  second 
positive  system  of  N2  on  figures  1  and  2,  respecti¬ 
vely,  assuming  a  100  %  production  either  from 
ground  or  metastable  states.  On  figures  3  and  4,  are 
show  the  same  simulated  spectra  for  the  first  negative 
system  of  N2. 


Table  1  -  Franck-Condon  factors  for 
A  X"(V)  -  C  ^n,(v') 
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;  wavelength  (nm) 


Conclusion 

The  influence  of  the  excitation  of  the  C  and 
B  states  starting  from  the  A  metastable  state 
is  elear  and  e\ident.  Of  course,  for  a  thermodj  nami- 
cally  equilibrium  state  plasma,  this  influence  is 
negligible,  but  for  cold  plasmas  or  arcs  in  extinction, 
which  are  of  interest  here,  this  can  become  important. 
The  electrons  present  at  the  spontaneous  exli  notion  of 
a  low  current  arc  have  an  evaluated  kinetic  energy 
higher  than  40  eV,  far  from  thermal  equilibrium. 
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of  N2  on  the  excitation  mechanisms  is  experimentally 
light  from  the  cathodic  region  during  the  spontaneous  extinction  of  the 
arc.  A  theoretical  approach  is  proposed  on  the  basis  of  Franck-Condon  factors 


Abstract 

The  influence  of  the  metastable  state  A 
solved  by  study  of  the  emitted 
low  current  electric 
and  is  in  agreement  with  the  experimental  results. 

Introduction 

The  cathodic  region  plays  a  major  role  in  the  self- 
sustaining  arc  discharge.  The  low  DC  current  arc 
between  metallic  electrodes  exhibits  internal  instabil¬ 
ity,  leading  to  complete  extinction. 

The  electrical  stu<ty  of  this  phenomenon  in  the  air  at 
atmospheric  pressure  [11,[2]  shows  that  these  arc 
instabilities  result  in  voltage  fluctuations  and  sharp 
rises  of  the  voltage,  due  to  the  total  extinction  of  the 
current. 

This  electrical  phenomena  are  correlated  with  an 
intense  and  brief  emission  of  Nil,  Oil,  Agll  and  N2 , 
and  by  a  decrease  of  the  emission  of  Ag  1  coming  from 
the  region  close  to  the  silver  cathode. 

A  previous  spectroscopic  study  [1],[3]  allowed  us  to 
show  the  e.xcitation  mechanisms  of  the  different 
species.  We  proposed  a  detailed  analysis  of  the 
resulting  spectra,  namely  the  intensity  of  the  heads  of 
the  N2  molecular  bands.  We  assume  that,  at  the  time 
of  the  extinction,  two  groups  of  electrons  exist  in  the 
plasma  ;  a  group  of  electrons  with  thermal  energy  and 
a  group  of  fast  electrons  (  >40  eV  )  emitted  the 
cathode  and  accelerated  in  the  sheath.  This  last  group 
is  involved  in  the  intense  light  emission  from  the 
region  close  to  the  cathode. 

Here,  our  attention  is  focused  on  the  results  concern¬ 
ing  the  N2  and  NJ  emission,  in  particular,  the 
intensity  of  band's  heads  of  the  second  positive  system 
and  the  first  negative  system. 

The  experimental  data  are  presented  using  time 
resolved  spectroscopy  as  a  investigation  means.  In  a 
second  step,  the  d^  are  compared  to  the  computed 
ones  derived  from  Franck-Condon  factors  calculations. 

Experimental  set-up 

A  DC  current  supply  allows  the  re-ignition  of  the  arc 
by  thermal  breakdown  after  an  e.xtinction.  The  circuit 
was  described  in  previous  work  [1],I2],(3]  allows  us  to 
record  numerous  observations  of  e.xtinctions  and 
subsequent  re-ignitions  with  e.xtemal  intervention. 

To  be  analysed,  the  light  emitted  by  a  thin  part  of  the 
arc  located  at  a  known  distance  from  the  cathode,  is 


focused  by  means  of  concave  mirror  on  the  entrance 
slit  of  the  monochromator  followed  by  a  photomulti¬ 
plier.  The  trigger  of  the  time  sorting  of  the  light  pulses 
is  taken  from  the  arc  voltage  fast  rising  slope  dV/dt  of 
the  long  pulses  fig.l.  The  recording  aRararatus  was 
described  in  a  previous  studies  [1],[2],[3]. 
Experimental  results 

We  established  the  histograms  of  the  light  emitted  in 
the  cathodic  region  for  Ag  electrodes  from  2 10  run  to 
510  run  by  steps  of  0.5  nm. 

An  interesting  phenomenon  appears  as  a  short  and 
intense  light  emission  coming  from  the  region  close  to 
the  cathocte  at  moment  of  extinction  {charmel  80).  The 
detailed  results  of  this  phenomena  are  presented  in  our 
previous  works  [1],[3]. 

For  molecular  nitrogen  N2,  the  typical  shape  of  the 
histograms  obtained  is  displayed  on  fig.2. 

The  stationary  spectrum  [1],[4]  shows  that  the  molecu¬ 
lar  bands  of  the  second  positive  system  are  perma¬ 
nently  excited  In  fact,  if  we  subtract  from  the  histo¬ 
gram  of  N2  (A-  =  295.3  run  for  example),  the  histo¬ 
gram  of  very  near  continuum  (>l  =  299.0  run),  the 
result  on  fig.  3,  shows  the  existence  of  an  emission  of 
molecule  nitrogen  before  the  e.xtinction  of  the  arc.  The 
light  pulse  observed  at  the  moment  of  e.xtinction 
therefore  corresponds  to  a  reinforcement  of  the  emis¬ 
sion  of  N2. 

At  the  moment  of  e-xtinction  (charmel  80),  the  re¬ 
corded  spectrum  represented  on  fig.4  ,  shows  that  the 
intensity  of  band's  heads  is  dishrrbed  with  respect  to 
the  structure  of  the  molecular  spectrum  when  the 
population  of  the  excited  states  C  ^Ilu  and  B  are 
done  starting  from  the  fimdamental  state  X  *Zg,  [5]. 

Discussion 

The  first  electronic  excited  state  A  of  N2  is  a 
metastable  state,  for  which  the  life  span  for  the 
isolated  molecule  is  about  12-13  s  [6],  [7].  The  second 
metastable  state  is  the  excited  state  B  ^Ilg  for  which 
the  life  span  for  the  isolated  molecule  is  about  2  to 
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8  jis.  (6].  [7].  However,  at  the  atmospheric  pressure, 
we  obtain  a  quenching  effect  of  this  state  by  collisions 
^\^tll  the  gas  species  [8],  The  life  span  of  such  state 
becomes  of  the  order  of  one  nanosecond.  On  the 
contrary,  the  metastable  state  A  is  more  stable  at 
atmospheric  pressure  (life  span  of  the  order  of  some 
millisecond)  [9],  It  results  that  the  radiating  levels 

C  riy  and  B  ^Z^  are  probably  populated  in  cascade 


using  the  metastabic  level  A  ^ZJ^,  which  requires 
electrons  of  lower  energy. 

Theoretical  approach 

The  collisional  cross  sections  of  transitions 
(A  Zy  — >  C  riy)  and  (A^Zy— >B^Zy)  being 
unknown,  we  used  the  metliod  developed  by  Nicholls 
[10]  for  the  computation  of  Franck-Condon  factors.  To 
our  knowledge,  tliis  calculation  was  never  done, 
tecause  of  the  non  radiating  character  of  this  transi¬ 
tion.  The  results  of  such  calculation  are  presented  in 
previous  paper. 

By  the  use  of  Franck-Condon  factors,  calculated  for 
the  fundamental  state  to  C  ^Hy  and  to  B  ^Zy  states 
transition,  we  could  simulate  the  spectrum  of  the 
second  positive  and  the  first  negative  systems.  For  the 
C  riy  state,  we  assume  that  populating  is  starting, 
30%  from  fundamental  and  70%  from  metastable 
states  A  ^Zy .  For  the  B  ^Zy  state  (75%  and  25%, 
respectively).  Finally,  the  spectrum  is  formed  by  60% 

of  C  ^Hy  and  40%  of  B  ^Zy  as  showed  on  fig. 5.  vs. 
fig.4 


Note  that  this  result  agrees  with  our  interpretation  of 
the  experimental  results. 


(2-0)  -  Continuum  j 

A.  =  295.3  nm 

fig,  3  : 

0 

1 
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Conclusion 

During  the  transient  which  happens  just  at  the  e.vtinc- 
tion  of  a  low  current  arc  in  air,  the  nitrogen  molecular 
spectra  is  strongly  anomalous,  compared  to  that  of  the 
steady  arc  discharge. 

The  hypothesis  of  a  cascade  excitation  mechanism 
using  the  metastable  level  A  ^Zy  and  the  computa¬ 
tion  of  the  related  Franck-Condon  factors,  for  the 
populations  of  the  excited  states  C  ^FTy  and  B  ^Zy 
are  in  agreement  with  the  observed  spectrum  at  the 
moment  of  extinction. 
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1.  Introduction 

Spectral  analysis  of  gliding  low  frequency  glow  dis¬ 
charges  in  air  as  the  carrier  gas,  under  atmospheric 
and  increased  pressures  up  to  I.IA/Pa,  may  demon¬ 
strate  the  utilisability  of  discharges  for  ignition  of 
various  organic  mixtures,  [1]. 

The  present  paper  concerns  the  determination  of 
vibrational  and  rotational  temperatures  and  tenta¬ 
tive  determination  of  the  electron  temperature  of 
parts  of  the  gliding  discharge  using  spectral  meth¬ 
ods.  Gliding  discharges  were  excited  under  atmo¬ 
spheric  and  increased  pressures  at  various  rates  of 
air  flow  in  horn-shaped  Cu  electrodes,  [2], 

The  utilisability  of  the  standard  spectral  diagnos¬ 
tic  methods  depends  on  the  working  gas  used  in 
which  a  given  type  of  discharge  is  excited.  When 
exciting  discharges  in  air,  we  may  preferably  make 
use  of  the  spectral  methods  elaborated  for  molecu¬ 
lar  nitrogen  and  OH  radicals.  The  abrasion  of 
the  electrode  material  permits,  under  specific  physi¬ 
cal  conditions,  to  employ  also  atomic  spectra  for  the 
determination  of  the  electron  temperature. 

2.  Experimental 

Primary  very  short  arc  discharges  were  excited  in 
a  pressure  vessel  between  horn-shaped  Cu  electrodes 
according  to  Fig.  1.  The  minimum  distance  of  elec¬ 
trodes  was  0.25  to  0.40  mm.  This  arc  discharge  was 
blown  out  by  a  stream  of  air  from  a  jet  of  a  dia.  of  1 
mm  at  flow  rates  of  10  to  70  1/min.  The  blowing-out 
of  the  ionised  plasma  of  the  arc  upwards  in  between 
the  extending  horns  caused  the  short  arc  to  change 
into  a  spark  discharge.  The  plasma  of  the  spark  dis¬ 
charge  then  faded  out  in  a  vague  form  of  coronal 
discharge. 

Having  analysed  its  spectra,  we  called  this  type  of 
discharge  occurring  in  flowing  air  the  ” high-pressure 
glow  discharge”,  [2]. 

The  thin  and  flat  discharge  area  between  the  horn¬ 
shaped  electrodes  is  thus  filled  out  with  two  types  of 
discharges.  In  the  narrowest  part  and  immediately 
over  it  is  the  region  of  spark  discharges  with  a  high 
intensity  of  the  electric  field  in  the  spark  channel  at 
a  high  current  density.  Sparks  are  excited  in  each 
half-period  of  the  alternating  voltage  at  a  frequency 
of  lOOTfc.  In  the  extended  part  of  horn-shaped  elec¬ 
trodes,  there  prevails  the  plasma  of  sparks  disinte¬ 
grating  into  coronal  discharge. 

The  spectral  analysis  of  the  individual  parts  of 
a  discharge  under  various  physical  conditions  was 


Figure  1;  The  pressure  vesel  and  the  arrangement 
of  horn-shaped  Cu  electrodes  for  the  excitation  of 
gliding  glow  discharges. 

performed  by  means  of  the  monochromator  Jobin- 
Yvon  HR  640. 

The  electrical  parameters  of  discharge  U,  /,  costp 
were  monitored  by  placing  an  elctrostatic  voltmeter 
and  an  A.C.  ammeter  in  the  secondary  circuit  of 
leaked  transformers  of  Italian  product,  10  000/100 
CM,  (prim  230  V/4.8  A;  sec  2  x  5000  V/100  mA). 
The  primary  side  contained,  in  addition  to  a  volt¬ 
meter  and  an  ammeter,  a  wattmeter.  The  costp  in  a 
discharges  on  the  secondary  side  of  the  transformer 
was  determined  on  accont  of  minimal  heat  losses  of 
the  transformer. 

The  electrical  parameters  U,  I  and  cos^  excited 
discharges  are  given  in  Fig.  2. 


3.  Measurement 

The  vibrational  temperature  Tyx  of  the  ground  elec¬ 
tron  state  X  of  the  N2  molecule  was  determined 
by  means  of  the  ’’effective”  vibrational  temperature 
Tvc  of  the  excited  electron  states  C^Ug  measured 
from  transition  C^Hg  — ►  H^Hu,  (  2nd  positive  sys¬ 
tem  ).  The  effective  vibrational  temperature  Tyc 
was  calculated  by  means  of  the  relative  intensity  of 
heads  of  vibrational  bands  of  the  sequence  Ac  =  -|-2, 
(2  —  0,  3  —  1,  4  —  2),  of  the  band  system  men¬ 
tioned  above.  The  determination  of  Tyc  was  per¬ 
formed  by  the  method  used  in  [5].  The  transition 
probabilities  and  corrections  on  Re{v'v")  centroide 
were  taken  over  from  [4].  In  accord  with  the  paper 
[5]  ,  the  vibrational  temperature  Tyx  of  the  electron 
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Table  1:  The  vibrational  temperatures  Tvx 
and  electron  temperatures  Te- 

ground  state  X''Ef  was  then  determined  based  on 
the  functional  dependence  of  Tvx  =  fce(Tvc)- 

The  rotational  temperature  Tri  of  the  molecule 
N2  was  determined  from  the  relative  intensities  of 
rotational  lines  of  the  i2-branch  of  the  vibrational 
band  0  -  0  of  the  N2  molecule.  The  relation  of  rota¬ 
tional  line  intensity  and  intensity  factors  publisted 
in  [6],  [7]  were  applied  in  our  calculations. 

The  rotational  temperature  Tr2  of  the  OH  rad¬ 
ical  wais  determined  from  the  relative  intensities  of 
the  first  five  rotational  lines  of  branch  Qi,  of  the  vi¬ 
brational  band  0  -  0  of  the  transition  -* 

of  a  system  of  306.4  nm.  The  rotation  lines  with 
the  following  values  of  quantum  rotation  numbers 
of  the  lower  electronic  state  X^E  are  involved  : 
J  =  (3/2,  5/2,  7/2,  9/2,  11/2,  13/2)  ~  the  "cold 
group”  of  rotational  lines  [8].  This  rotational  tem¬ 
perature  Tr2  has  been  corrected  according  to  paper 

[9]  to  a  temperature  Tr/^  =  7/12(1  —  jTr2)~^  where 
7  =  3.24x  10“®,  which  is  in  very  good  approximation 
with  the  temperature  of  neutral  gas  Tjv  <  Trn- 

The  electron  temperature  Tb  was  determined  by 
means  of  the  relative  intensity  of  the  atomic  lines  of 
Cu  of  wavelengths  A  =  (521.82,  515.32,  510.55)  nm, 

[10] . 


Figure  2:  The  V-A  characteristic  of  the  discharge 
U  =  f{I).  The  flow  of  air  is  an  independet  pa¬ 
rameter. 

The  molecular  spectra  of  A^,  A^2'^,  and  OH  were 
recorded  only  up  to  a  pressure  of  ((0.3  ~  0A)MPa 
with  varying  intensity  in  various  parts  of  the  dis¬ 
charge.  For  pressures  of  (0.5  —  l.l)MPa  the  inten¬ 
sities  of  N2  and  OH  molecular  spectra  were  very 


JEnEBSBXESSM 

Wt^B^nSEM 

mm 

rriTTBiM 

^Eua 

l/mtn] 

IKIB 

IKSflii 

HEcB 

0.1 

■EEsa 

0.2 

mmM 

E££]3| 

740 

0.3 

■W-l'B 

wmasm, 

0.4 

5850 

- 

- 

- 

0.5 

- 

- 

- 

• 

- 

- 

Table  2:  The  rotational  temperatures  Tri 
and  T/ia'. 

weak  in  the  preserved  form  of  discharge  and  thus 
Cu  atomic  lines  may  be  used  for  the  Te  determina¬ 
tion  only.  The  temperatures  presented  in  Table  1. 
and  Table  2.  were  measured  in  the  position  where 
the  light  irradiation  in  the  plasma  is  maximal.  The 
measured  values  of  the  Tvx  >  Tri  ,  Trn  show  that  the 
gliding  discharge  plasma  is  nonisothermic  in  the 
whole  interval  of  investigaeted  pressures. 
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1.  Introduction 


Emission  of  the  CN  red  (A  ^11  -  X  and  vio¬ 

let  (B  -  X  ^E+)  systems  has  been  widely  ob¬ 
served  in  the  reaction  of  active  nitrogen  with  hydro¬ 
carbons  [1,  2,  3]  and  with  partially  or  fully  halo- 
genated  hydrocarbons  [4].  In  these  systems  elec¬ 
tronically  excited  CN  is  formed  preferentially  in 
selected  vibrational  states  of  the  upper  electronic 
states  (A  ^11,  B  ^E"*").  Simultaneously  the  strong 
emission  from  the  lowest  CN(B  ^E+)  vibrational  lev¬ 
els  is  observed  due  to  the  resonance  excitation  energy 
transfer  from  the  vibrationally  excited  ground  state 
nitrogen  molecules  [5]. 

2.  Experiment 


In  our  experimental  arrangement  the  flowing  plasma 
reactor  given  in  Fig.  1  was  used. 


Figure  1:  Plasma  reactor  and  optical  diagnostic 
setup 

1:  pure  nitrogen  inlet;  2:  studied  sample;  3:  Pirani 
gauge;  4:  cooled  part  of  the  reactor;  5:  thermocou¬ 
ple;  6:  optical  fibre;  7:  monochromator  Jobin  Yvon 
HR  320;  8:  optical  multichanell  analyzer;  9;  PC 


Before  the  start  of  the  observations  the  reactor  has 
been  prevacuated  to  pressure  better  then  10“^  Pa 
for  more  then  1  hour  and  thereafter  we  purified  it 
by  plasma  combined  with  heating  the  reactor  walls 
because  the  heavy  hydrocarbon  chains  it  was  impos¬ 
sible  to  pumped.  The  polyhydrocarbon  sample  was 
placed  inside  the  reactor  before  an  active  DC  dis¬ 
charge  so  the  desorbed  hydrocarbon  (fluorocarbon) 
molecules  and  the  fractions  of  polymeric  chains  were 


thereafter  disintegrated  in  the  active  discharge.  By 
consequent  recombination  of  C,  N,  and  H  atoms  elec¬ 
tronically  excited  simple  radicals  as  CN  and  NH  were 
created.  The  emitted  spectra  were  recorded  by  op¬ 
tical  multichanell  analyzer.  Due  to  the  fact  that  in 
our  previoused  experimental  works  we  observed  very 
strong  dependence  of  the  CN  band  intensities  on  the 
reactor  wall  temperature  at  measuring  point  [6],  this 
part  of  the  reactor  has  been  cooled  by  liquid  nitro¬ 
gen  vapour  down  to  77  K.  The  effect  on  the  spectra 
is  demonstrated  in  Fig.  2.  There  it  can  be  seen  that 
at  low  temperature  the  CN  and  NO  bands  can  be 
clearly  visible  though  at  room  temperature  they  can 
not  be  resolute. 


Figure  2:  The  spectra  obtained  at  different  reactor 
wall  temperature  with  presence  of  a  sample 


3.  Results 

An  experimental  spectrum  example  of  polyethylene 
sample  inside  the  reactor  is  shown  in  Fig.  3  in  com¬ 
parison  with  the  spectrum  without  presence  of  any 
hydrocarbon  inside  the  reactor.  It  can  be  clearly 
seen  the  strong  CN  emission  at  sample  presence. 
Due  to  the  fact  that  both  CN  bands  are  overlapped 
by  nitrogen  1®*"  negative  and  2’^^  positive  bands  it  is 
necessary  to  study  the  intensities  of  CN  bands  with 
respect  to  a  nonoverlaped  nitrogen  band.  The  ni¬ 
trogen  2^*^  positive  0-2  band  could  be  overlapped 
by  one  branch  of  NO^  11-0  band  (see  Fig.  2)  so 
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we  chose  the  nitrogen  2^*^  positive  1-3  band  as  a 
referential. 


Figure  3:  The  spectra  with  and  without  presence  of 
the  PET  sample  at  low  wall  temperature 


It  is  clear  that  the  desorbtion  from  the  polymeric 
sample  is  not  constant  during  the  time;  the  light 
fractions  are  dominant  during  the  first  minutes  while 
the  heavy  molecules  are  more  stable.  The  time  evo¬ 
lution  of  the  destruction  of  different  materials  are 
given  in  Fig.  4  and  5. 


Figure  4:  Intensities  of  the  CN  violet  7-7  band  re- 
lated  to  the  intensity  of  nitrogen  2*^“  positive  1-3 
band  for  different  samples 


Figure  5:  Intensities  of  the  CN  violet  0-0  band  re¬ 
lated  to  the  intensity  of  nitrogen  2^^  positive  1-3 
band  for  different  samples 


It  can  be  seen  from  these  figures,  that  the  related 
CN  band  intensities  are  quenched  nearly  exponen¬ 
tially  during  the  first  a  few  minutes  and  later  they 
are  nearly  constant.  In  the  case  of  teflon  sample 
the  higher  initial  intensities  can  be  observed  prob¬ 
ably  due  to  the  not  long  enough  initial  purification 
(before  this  sample  we  tested  a  common  gum  which 
shows  very  high  disintegration  rate). 

4.  Conclusion 

The  intensities  of  the  CN  violet  band  system  (B 
-  X  emitted  from  the  cooled  part  of  the  flowing 
nitrogen  afterglow  can  be  used  as  a  ’’fingerprint”  for 
density  determination  of  the  desorbed  hydrocarbon 
(fluorocarbon)  trace  species.  The  new  method  of 
chemiluminiscent  spectroscopy  at  low  temperatures 
is  a  relatively  simple  technique  that  is  inexpensive, 
both  in  terms  of  initial  expense  and  operating  costs. 
It  has  detected  molecular  concentrations  of  hydro¬ 
carbons  down  to  10*'°  molecules-cm~®.  The  method 
described  can  be  used  for  fast  determination  of  the 
desorption  rate  from  solid  polymer  surfaces.  Thus 
it  can  be  applied  in  the  food  and  packing  industry 
as  the  test  of  stability  of  protective  polymeric  thin 
films  on  various  substrates. 
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Expanding  plasma  can  be  obtained  using  different 
types  of  discharges  (dc,  ac,  Rf, ...)  [1],  [2]. 

It  can  be  used  to  generate  and  to  cany  out  simple 
radicals  without  loss  on  the  reactor  wall.  So  the  interest 
of  such  a  plasma  is  both  fundamental  and 
technological. 

The  purpose  of  this  work  is  to  shufy  the  electron  energy 
distribution  function  (EEDF)  in  a  discharge  sustained 
by  a  surface  wave. 

L  Experimental  setup. 

The  experimental  setup  is  schematically  shown  in 
figure  1.  The  microwave  discharge  (surface  wave  at 
2.45  GHz)  is  produced  within  a  surface-wave  launcher 
coimected  to  the  entrance  of  the  stainless  steel 
expansion  chamber.  An  Ar-CH4  gas  mixture  is  fed 
through  a  fused  silica  tube  (external  diameter  =  24  mm, 
internal  diameter  =  20  mm)  passing  through  the 
surface-wave  launcher.  The  total  pressiue  is  maintained 
constant  in  the  range  1  to  5  Torr  using  a  Roots  blower  ( 
70-700  m^/hour)  which  allows  a  gas  drift  velocity  of 
about  20  to  50  m/s.  A  stainless  steel  disk  (diameter  60 
tmn)  is  located  downstream  in  the  exjransion  reactor 
and  can  be  moved  along  the  discharge  axis.  It  is 
groimded  and  is  used  in  order  to  delimitate  sustained 
discharge  region.  At  the  end  of  the  expansion,  the 
plasma  is  covering  all  the  disk  siuface. 

Spatially  resolved  measurements  are  performed  using 
both  simple  and  double  electrostatic  probes.  Simple 
probes  are  used  to  determine  the  EEDF,  which  are 
derived  from  the  Druyvesteyn  expression  [3].  Double 
probes  are  used  to  determine  both  electron  temperatures 
and  densities.  These  parameters  are  deduced  from  the 
theory  given  by  Johnson  and  Malter  [4].  However,  this 
convenient  method  is  more  appropriated  for 
uncollisional  sheath. 

In  order  to  obtain  spatially  resolved  results,  an 
horizontal  clip  with  four  probes  fixed  at  10  mm  from 
each  other  is  moved  vertically  along  the  expansion 
chamber  axis,  from  the  exit  of  the  quartz  tube  (80  mm 
below  the  discharge  center)  to  a  downstream  position 
(130  mm  below  the  discharge  center).  The  whole 
region  contained  between  the  quartz  tube  exit  and  the 
metallic  disk  can  be  observed. 


n.  Results  and  discussion. 

Investigation  have  been  performed  in  order  to  study  the 
plasma  propagation  conditions  in  the  expansion  region 
when  plama  parameters  are  changing. 

In  a  first  approximation  [5],  the  wave  propagation 
(plasma  propagation)  is  obtained  when  the  electron 
density'  is  larger  than  a  critical  value  given  by  the 
condition 

fflp  >  «).(1+£v)1/2 

where  ©  and  ®p  =  (n^  e^  /  m^  Eq)!^^  respectively, 
the  microwave  angular  frequency  and  the  electron 
plasma  angular  frequency.  Sy  is  the  relative  permittivity 
of  the  tube  wall. 

In  our  case  (®/27i  =  2.45  GHz)  the  plasma  proragation 
condition  is  obtained  for  rig  >  ngg  =  3.6.10^^  cm'^. 
Results  show  that  when  this  condition  is  complied,  the 
probe  signal  is  undisturbed  and  the  EEDF  deduced 
from  the  probe  characteristic  curves  (I=f(V))  is 
generally  quite  well  described  using  a  Maxwell 
distribution  function  (see  figure  II).  However,  when  the 
electron  density  is  lower  than  n^g,  the  probe  signal  is 
very  noisy  and  also  strongly  decreasing.  The  EEDF  is 
now  corresponding  to  high  energy  electrons  and  caimot 
be  described  using  a  Maxwell  distribution  function. 
Consequently,  the  electron  temperature  and  density 
measured  using  a  classic  method  [4]  are  not  available 
in  this  case. 

Figure  HI  shows  the  change  in  EEDF  with  increasing 
%  CH4  mixed  to  Ar.  The  total  pressiue  is  kept  constant 
and  equal  to  2  Torr  and  the  microwave  power  is  fixed 
to  300  Watt.  Measurements  are  performed  at  120  mm 
downstream  below  the  discharge  center.  For  a  low  % 
CH4,  the  EEDF  can  be  described  using  a  Maxwell 
distribution  function.  The  mean  electron  energy  is  low  ( 
lower  than  0.3  eV)  and  decreases  with  increasing  % 
CH4,  because  of  inelastic  collisions  between  electrons 
and  methane  molecules.  When  the  %  CH4  is  larger 
than  0.6%,  the  EEDF  is  strongly  disturbed  and  caimot 
be  described  using  a  Maxwell  distribution  function. 
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Figure  1 :  Experimental  setup. 
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Figure  2  :  EEDF  measured  in  a  pure  argon  plasma 
expansion  (1  Torr,  180  Watt);  The  distribution  fimction 
can  be  described  (in  a  fisrt  approximation)  using  a 
Maxwell  distribution  with  Te=0.91  eV  (smooth  curve). 
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Figure  3  :  EEDF  measured  in  an  Ar-CH4  gas  mixture 
(2  Torr,  300  Watt),  versus  %  CH4. 
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Plasma  parameter  measurement  from  the  probe  temperature 

Masashi  Kando,  Yoshinori  Kinoh  and  Akihiro  Etoh 
Department  of  Electrical  and  Electronic  Engineering 
Shizuoka  University 
Johoku  3-5-1.  Hamamatsu  432,  Japan 


1.  Introduction 

The  probe  temperature  is  considered  to  reflect  the 
plasma  parameters  such  as  electron  temperature, 
plasma  density  and  plasma  potential  because  the  probe 
in  the  plasma  collects  or  emits  the  electrons,  which 
transport  their  kinetic  energy-  to  the  probe,  depending 
on  the  probe  bias  potential.  This  permits  to  measure  the 
plasma  parameters  from  the  probe  temperature. 

In  the  present  paper,  we  will  propose  to  adopt  the 
probe  temperature  to  determine  the  plasma  potential 
and  electron  temperature.  The  main  advantage  of  the 
present  method  is  the  reduction  of  the  disturbance 
caused  by  the  displacement  current  \\  hich  flows  into  the 
probe  together  with  the  conduction  current  in  RF 
discharge  plasmas.  To  confirm  the  possibility  of  this 
method,  the  numerical  calculation  of  the  probe 
temperature  is  carried  out  by  solving  the  equation  of  the 
heat  conduction  as  a  function  of  probe  bias  voltage.  As  a 
result,  it  is  clarified  that  the  probe  can  be  heated  by 
electron  bombardment  in  the  plasma  with  the  density 
higher  than  lO"  cm  ’  up  to  enough  high  temperature  to 
emit  thermionic  electron  from  the  probe  and  that  there 
exist  two  abrupt  changes  in  the  probe  temperature  with 
respect  to  the  probe  bias  voltage.  It  is  conducted  that  the 
probe  temperature  measurement  will  proxide  the 
reliable  data  concerned  with  electron  temperature, 
density  and  plasma  potential  in  the  plasma. 

2.  Calculation  of  the  probe  temperature 

2.1  Fundamental  equation 

The  temperature  of  the  probe  in  the  plasma  is 
governed  by  the  well-known  equation  of  the  heat 
conduction.  In  the  present  calculation,  the  heat 
convection  loss  is  neglected  because  the  plasma  is 
assumed  to  be  excited  at  the  pressure  lower  than  a  few 
Torr.  Since  the  probe  is  immersed  into  the  high  density' 
plasma,  the  probe  will  be  able  to  be  heated  by  the 
electron  bombardment  to  such  a  high  temperature  that 
the  electronic  cooling  will  dominate  ox  er  the  other  loss 
processes  like  radiation  and  heal  conduction  losses. 

As  for  the  poxxer  gain  that  the  probe  xxill  obtain 
from  tlie  plasma,  the  electron  and  ion  boiubardinenl  are 
taken  into  account  as  follows: 

a  )  in  tlie  case  that  the  probe  potential  Vi,  is 
higher  than  the  plasma  potential  V,  .  electrons  will  be 
collected  by  the  probe  together  with  ■  kinetic  and 
potential  energies.  Thus,  the  probe  obtains  the  power 


presented  by  J,S(  Vb  -  Vp  +  0  +  k  TJt ),  where  J,  is 
the  electron  samration  current  density,  S  is  the  probe 
surface,  0  is  the  work  function  of  probe  material,  T*  is 
the  electron  temperature,  /c  is  Boltzmann  constant 
and  e  is  the  electronic  charge, 
in  the  opposite  case  of  a),  i.e.,  Vb  <  Vp,  the 
bombardment  heating  by  the  ion,  expressed  by  JiS(  U  - 
Vb  +  Vp-  0  +  /c  T/e  )  should  be  considered  in  the 
calculation  in  addition  to  that  by  the  electron,  modified 
by  multiplying  Boltzmaim  factor  exp{e(  Vb-Vp )/  K  T*}, 
where  J;  is  the  ion  saturation  current,  U  is  the 
ionization  potential  of  the  atom  of  the  gas  species  and  Ti 
is  the  ion  temperature. 

2.2  Numerical  calculation  and  results 

The  equation  of  heat  conduction  in  the  steady 
state  has  been  numerically  calculated  by  Newton- 
Raphson  method  under  the  following  assumption. 

1)  the  electrons  reaching  on  the  probe  surface  from  the 
plasma  are  perfectly  absorbed  into  the  probe. 

2)  the  ions  coming  on  the  probe  recombine  with  the 
electrons  inside  the  probe  material. 

3)  thermionic  electrons  are  not  depressed  to  emit  from 
the  probe  surface  by  the  plasma  potential  around  the 
probe. 

4)  collisions  of  electrons  in  the  probe  sheath  are 
neglected. 

The  numerical  calculation  are  carried  out  for  the 
probe  of  5  mm  in  diameter  and  0. 1  mm  in  thickness  and 
a  Cu  lead  wire  of  0.5  mm  in  diameter  and  20  cm  in 
length,  assuming  the  emissivity  of  the  probe  made  of 
thoriated  tungsten  of  0.6. 

In  Fig.l,  the  relation  between  the  probe 
temperature  T  and  Vb-Vp  for  Te  of  5.0  eV  is  shoxvn  as  a 
function  of  the  plasma  density  n.  It  is  found  that  there 
exist  two  steps  in  the  curve  xvith  Vb  increasing,  i.e.,  one 
is  Vb-Vp  =  -5  V  and  the  other  is  Vb-Vp  =  0  V.  The  first 
step  in  the  curve  is  originated  by  the  remarkable  change 
of  the  power  which  the  electrons  in  the  plasma  with  Te> 
5.0  eV  carry  to  the  probe,  while  the  second  step  is 
caused  by  the  electronic  cooling.  The  heights  of  both 
steps  increase  with  n  increasing  and  0  decreasing 
since  the  amount  of  power  transported  to  the  probe  by 
the  electrons  in  the  plasma  is  proportional  to  n. 
Therefore,  it  is  possible  to  determine  the  plasma 
potential,  electron  temperature  and  density  by 
measuring  T-Vb  characteristics. 

As  a  matter  of  fact,  the  unnatural  discontinuous 
changes  in  the  T-Vb  curve  will  be  relaxed  by  the 
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fluctuation  of  the  space  potential  in  Ihc  plasma.  The 
slope  in  the  cun'c  around  the  steps  ma>  gi\'c  the 
information  of  the  plasma  potential  fliictualions. 

By  the  way.  tlie  conventional  emissive  probe  is 
heated  by  external  power  to  enough  high  icmiKi  aturc  to 
emit  tlie  thermionic  electrons.  To  compare  it  w  ith  the 
present  method,  the  effect  of  external  probe  healing  on 
the  T-Vb  curve  has  been  examined.  As  shown  in  Fig.2. 
tlie  first  step  becomes  obscure,  while  the  second  step 
becomes  clearer,  when  the  c.xternal  power  to  the  probe  P 
increases.  These  mean  that  the  conventional  emissive 
probe  is  limited  to  the  measurement  of  the  plasma 
potential. 

Finally,  the  amount  of  thermionic  electron 
density  is  estimated  to  discuss  the  effccl  of  space 
potential  caused  hy  themselves,  which  ma>  pie\  enl  the 


Fig.l  Probe  temperature  T  I'ersus  probe  \  olIagc  VirV,, 
as  a  function  of  plasma  density  n.  Probe  si/c  is  mm  in 
diameter  and  0. 1  mm  in  thickness. 


thermionic  electron  emission.  The  thermionic  electron 
density  is  around  lO'^  cm'^  at  the  maximum,  which  is 
one  order  higher  than  the  plasma  density.  However  it  is 
considered  that  most  thermionic  electron  will  be 
immediately  recombined  with  ions  because  of  the  small 
size  of  the  probe.  Thus,  the  negative  space  potential 
created  by  the  thermionic  electron  will  not  seriously 
affect  on  T-Vb  curve. 

In  conclusion,  the  emissive  probe  made  of  the  low 
work  function  material  can  be  a  simple  and  promising 
tool  for  the  plasma  parameter  measurement,  if  it  is 
applied  in  the  plasma  with  a  high  density.  The  main 
advantage  of  the  present  method  exists  in  fact  that  the 
probe  temperature  measurement  is  not  disturbed  by  RF 
electric  field  as  much  as  the  probe  current 
measurement. 


Fig.2  Probe  temperature  T  versus  probe  voltage  Vb-Vp 
as  a  function  of  external  input  power  for  probe  heating. 
Probe  size  is  same  as  in  Fig.l. 
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Influence  of  the  retarding  potential  of  a  collector  and  parameters  of  a  plasma 
flow  on  the  deposition  of  accelerated  isotope  ion  component  for  ICR-separation 

method 

A.LKarchevsky,  E.P.Potanin 

Kurchatov  Institute  Russian  Research  Centre,  Moscow,  123182  Russia 


1. Introduction 

The  influence  of  the  retarding  potential  of  collector 
and  plasma  flow  parameters  on  extracting  of  the 
accelerated  ion  component  in  ICR-isotope  separation 
method  is  considered.  The  idea  of  ICR-method  is 
based  on  the  isotopically  selective  resonant 
acceleration  of  ions  of  a  target  isotope  in  plasma  flow 
with  the  help  of  the  special  RF-antenna  (2)  (Fig.  1)  at 
presence  of  the  homogeneous 


Fig.l.  Principal  scheme  of  separation. 


longitudinal  magnetic  field,  created  by  coils  (1)  [1]. 
The  separation  of  the  accelerated  ions  (7)  from  cold 
ions  (6)  can  be  achieved  by  means  of  the  specific 
collectors  of  "heated"  particles  (3),  which  consist  of 
plates  placed  parallel  to  both  the  magnetic  field  and 
the  longitudinal  plasma  flow  [2]. 

2.  Method  of  calculation 

In  [3]  the  technique  of  calculation  of  ion  flows  on 
collecting  plates  was  offered.  The  transverse-energy 
distribution  fixnctions  of  particles  were  calculated 
first,  then  the  ion  flows  onto  the  collector  were 
numerical  integrated  over  longitudinal  (Vz)  and 
transverse  (v  j.)  (with  respect  to  the  magnetic  field) 
velocities  and  also  over  the  transverse  coordinates  of 
ion  guiding  centres  yo  in  the  plane  of  the  forward 
screen  of  the  collector  (4).  The  plate  (5)  is  used  for 
extraction  of  the  waste.  In  [4]  this  technique  was 
modified  in  such  a  manner  that  originally  it  were 
defined  the  ion  effective  temperatures  and  then  the 
flows  were  calculated.  Besides,  unlike  [3],  the 
analytic  determination  of  the  allowable  range  of  ion 
guiding  centre  coordinates  yo  was  made.  •  In  the  given 
work  the  influence  of  the  positive  retarding  potential 


U  is  taken  into  account  on  the  extraction  of  accelerated 
ions  from  the  plasma  flow  for  the  isotope  mixture  and 
case  of  "shifted"  longitudinal  velocity  distribution 
functions  is  considered.  The  value  of  the  ion  flow  on  a 
collector  j  is  calculated  by  integration  over  allowable 
range  of  particle  velocities  and  over  guiding  centre 
coordinates  of  ions 

where  co^  is  the  ion  cyclotron  frequency. 

The  calculations  were  carried  out  for  the  next 
parameters  of  ICR-installation;  the  natural  ®  Li  -^Li 
isotope  mixture  with  the  initial  concentration  Co=0.08; 
the  magnetic  induction  is  Bz=0.25  T;  electric-field 
amplitude  in  the  bulk  plasma  is  Eo=54  V/m;  the 
heating  system  length  L  is  0.8  m;  the  wave-length  of 
RF-field  is  0.8  m,  the  initial  ion  temperatures  T^o  and 
T|  |o  are  5  eV  and  10  eV,  accordingly. 

3.  Results  and  discussion 

Fig.  2  shows  the  dimensionless  flow  of^Li^ions  j/jo 
versus  longitudinal  coordinate  z  for  the  various 
retarding  potentials  U. 


Fig,2.  Dimensionless  ion  flow  j/jo  versus  longitudinal 
coordinate  z  (in  millimeters)  for  various  retarding 
potentials  U;  1  -  U=0;  2  -  U=10V;  3  -  U=20V;  4  - 
U=40V.  The  dashes  line  -  evaluation  of  work  [3]. 
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The  calculation  dependences  agree  with  experimental 
results  [5,6], 

Fig.  3  shows  average  on  the  length  15  mm  of  the 
lighter  isotope  concentration  versus  retarding 
potential  U. 


0.00  10.00  20.00  30.00  40,00  50,00 


u.v 

Fig.  3.  The  concentration  of  *Li  C  versus  the 
retarding  potential  U. 

It  was  supposed  above,  that  the  longitudinal  -velocity 
distribution  function  is  Maxwellian  and  there  are  not 
enough  ions,  moving  in  the  opposite  direction  to  a 
source.  In  a  real  source  due  to  of  possible  action  of 
acceleration  mechanisms  the  most  approached 
in  practical  situation  is  the  “shifted”  Maxwellian 
distribution  [2]. 

Fig.4  shows  the  z-coordinate  profiles  of  the  ratio  j/jo 
for  various  “longitudinal”temperatures. 


T|  |/T|  |o=l  and  various  Vo:.  1  -  Vo=10'*  m/c;  2- 
vo=2500  m/c;  3  -  Vo=0. 


;  z,mm 

Fig.5.  Dimensionless  ion  flows  j/jo  versus  longitudinal 
coordinate  z  for  various  Vo. 

(  1  -  Vo=10'^  m/c;  2-  vo=2500  m/c;  3  -  vo=0) 
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Fig.  4  The  dimensionless  ion  flow  j/jo  versus  the 
longitudinal  coordinate  z  at  various  values  of  the 
parameter  T |  |/T|  |o  for  shift  parameter  vo=10''m/c.(l  - 
T|  iTTi  io=l;  2  -  T|  lATi  |o=0.25;3  -  T|  lATi  |o=0.1). 

Figure  5  shows  z-coordinate  dependences  for  the 
flow  of  ^Li"^  ions  onto  the  collecting  plate  for 
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1.  Introduction 


The  knowledge  about  the  radial  temperature 
distribution  in  high  pressure  discharge  lamps  is  of  great 
importance  for  the  physical  understanding  of  this 
discharge  type.  It  is  for  example  necessary  for  the 
calculation  of  particle  density  distributions,  the 
radiative  transfer  as  well  as  the  radiation  output. 

This  paper  presents  two  independent  methods  for  the 
determination  of  temperature  distributions  in  such 
discharges. 

2.  Experimental  methods 


2.1  Emission  spectroscopy 


Frequently  the  temperature  profile  is  spectroscopically 
determined  from  the  absolute  measurement  of  the 
spectral  emission  coefficient  of  the  optically  thin 
mercury  lines  at  577/579  nm.  Assuming  local 
thermodynamic  equilibrium  (LTE)  the  emission 
coefficient  reads; 


\  he  i  Pn 

^  ik~ - 8  i  sb  —  exp 

*  47t  X.  '  Arr  ^ 


-E  . 


h  -  Planck’s  constant,  T  -  temperature,  g; ,  A,^ ,  - 

statistical  weight,  transition  probability,  excitation 
energy  of  the  upper  level,  po  -  pressure,  kg  -  Boltzmann 
constant,  c  -  velocity  of  light,  X  -  wavelength. 

Besides  the  atomic  data,  information  about  the  pressure 
is  essential  to  determine  e,;.  .  The  information  is 
received  by  a  laser  interference  method.  Finally,  if  the 
pressure  is  known  the  temperature  is  calculated  by  an 
iterative  procedure  from  the  emission  coefficient  of  the 
lines  at  577/579  nm  [1]. 


2.2  Hook  method 


The  hook  method  is  an  interferometric  measurement  of 
absolute  population  densities  of  excited  atoms  and 
atoms  in  the  ground  state.  The  physical  background  of 
this  method  is  the  interferometric  measurement  of  the 
anomalous  dispersion  in  the  vicinity  of  an  absorption 
line,  that  causes  a  rapid  change  of  the  refractive  index. 
In  this  region  distortions  in  the  interference  fringes 


occur.  They  form  the  so-called  hooks.  The  wavelength 
distance  A  between  these  hooks  (from  minimum  to 
maximum)  at  the  absorption  wavelength  Xq  depends  on 
the  population  density  and  has  to  be  measured. 

The  population  density  of  the  lower  level  is  given  by: 


TtXfA^ 


rg  -  classical  electron  radius,  /  -  absorption  length,  - 
oscillator  strength,  K  -  hook  constant. 

A  more  detailed  description  is  given  in  [2]. 


Fig.  1  Experimental  set-up,  BS  -  beamsplitter,  L  -  lens, 
M  -  mirror,  CP  -  compensating  plate 
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By  measuring  the  population  densities  of  the  ground 
(no)  and  metastable  states  and  using  the  Boltzmann 
formula  we  can  calculate  the  temperature  distribution: 


In 


(f)  g/ 

V  ('■) 


-1 


Q  -  partition  function. 


2.3  Experiment 


The  experiments  were  performed  in  two  different 
discharge  systems;  mercury  and  mercury-iodide  arcs. 
Figure  1  shows  the  experimental  set-up.  In  the  centre 
the  observed  mercury  discharge  is  seen  which  was 
operated  with  50  Hz  and  a  power  of  240  W.  The  lamps 
consist  of  quartz  and  have  a  diameter  of  18  mm. 

The  radiation  of  the  lamp  was  imaged  to  a 
spectrograph  with  a  gated  CCD-array  as  detector.  In 
both  cases  from  the  recorded  side-on  intensity 
distribution  of  the  optically  thin  Hg  lines  at  577/579 
nm  e,t  was  determined  carrying  out  an  Abel  inversion. 
The  main  part  of  the  arrangement  consists  of  an  Mach- 
Zehnder  interferometer  and  a  dye  laser  as  a 
background  light  source.  The  discharge  lamp  can  be 
moved  in  radial  direction  via  a  translation  element  to 
investigate  different  zones  of  the  discharge. 

For  the  determination  of  the  density  of  mercury  atoms 
in  the  ground  state  the  transition  6^Pi  -  b'So  (X,  =  254 
nm)  is  used.  A  BBO  II  crystal  is  applied  to  create 
radiation  in  the  UV-region  at  254  nm. 

The  population  densities  nk(r)  in  the  metastable  6^P2 
and  6^Po  levels  of  mercury  are  measured  as  a  function 


scanned  in  0.2  nm  steps 


250.5  fnm]  256.5 

Fig.  2;  Typical  interferogram  close  to  the  254  nm 
absorption  line  in  a  mercury  high  pressure  lamp  at 
240W. 


of  the  radius  and  the  discharge  current.  That  can  be 
done  using  the  Hg  transitions  at  7^5,  -  b^P,  at  546  nm 
as  well  as  the  7^Si  -  b^Po  at  405  run. 

The  whole  interferogram  is  achieved  in  scanning  the 
line  profile  in  steps  of  0.2  nm  width  (see  fig.  2). 

3.  Results 

From  the  uv  measurement  we  got  a  radial  averaged 
density  of  the  ground  state  no  =  6.1*lo'*cm'^  for  the 
Hg  lamp,  which  is  in  good  agreement  with  the 

calculated  value  of  7.1*10‘*cm'^  from  the 
measurements. 

Fig.  3  shows  the  results  of  the  temperature  measure¬ 
ments  of  the  Hg  and  HgH  discharges  obtained  for  the 
two  applied  methods.  The  circles  (Hgl,)  and  the 
squares  (Hg)  stand  for  the  hook  method  and  the  full 
(Hgli)  and  the  dashed  line  (Hg)  for  the  emission 
method.  It  can  be  seen  that  the  curves  of  both  methods 
agree  quite  well  concerning  the  absolute  values  as  well 
as  the  shape  of  the  temperature  profiles.  The  measured 
temperatures  in  the  discharge  axis  are  between  6000 
and  7000  K.  They  differ  for  both  discharges  in  their 
height  as  well  as  in  their  shape.  The  discharge 
containing  iodides  is  more  constricted  but  has  a  higher 
temperature  in  the  axis.  The  temperature  profile  of  the 
pure  mercury  discharge  is  flatter  than  that  with  iodide. 
That’s  why  this  arc  is  a  bit  more  extended  to  the  wall 
and  can  be  observed  closer  to  the  wall. 


Fig.  3:  Plasma  temperature  of  Hg  and  Hgl,  arcs  versus 
the  reduced  radius.  The  lines  refer  to  the  emission 
measurements  and  the  points  to  the  hook  method. 
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RADIATIVE  SPECTRUM  OF  HYDROGEN  IN  THE 
NONEOUILIBRIUM  GAS-DISCHARGE  PLASMAS  AND  ITS 
APPLICATION  FOR  GAS  TEMPERATURE  DETERMINATION 

A.V.Chebotarev,  I.A.Kossyi,  D.K.Otorbaev*,  V,P.Silakov 
General  Physics  Institute  of  Russian  Academy  of  Sciences,  Moscow,  1 17942,  Vavilov  Str.  38, 
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The  possibility  for  direct  measurements 
of  the  gas  temperature  by  recording  the 
radiation  spectrum  of  the  atomic  lines  is  of 
considerable  interest  for  studying  fast 
nonequilibrium  discharges  in  dense  gases.  This 
possibility  arises  owing  to  the  fact  that  very 
efficient  inelastic  interactions  involving  highly 
excited  atoms  lead  to  the  equalization  of  the 
temperatures  for  the  distribution  function  of  the 
dcctronically  excited  atoms  at  upper  levds.  In 
the  case  of  two-temperature  plasma,  the 
problem  of  whether  it  is  possible  to  identify  the 
temperature  for  the  corre^ionding  distribution 
function  is  questionable  and  requires  additional 
investigations,  because  both  light  and  heavy 
plasma  components  take  part  in  the  formation 
of  the  distribution  fimction  of  the  excited  atoms. 
Estimates  show  that,  in  a  hydrogen  plasma, 
indastic  interactions  between  exdted  atoms  and 
heavy  plasma  particles  can  occur  as  dfidently  as 
those  between  exdted  atoms  and  background 
dectrons.  In  this  connection,  using  a  hydrogen 
plasma  as  an  example,  we  consider  the  effect  of 
inelastic  collisions  of  the  exdted  hydrogen  atoms 
with  dectrons,  atoms  and  molecules  on  the 
formation  of  the  distribution  function  of 
dectronically  exdted  H(n)  atoms. 

For  this  purpose  we  use  the  kinetic 
scheme  have  been  described  in  [1]  for  the 
plasma-chemical  processes  occurring  in  a 
nonequilibiium  discharge  in  hydrogen.  In  order 
to  find  distribution  function  of  the  electronically 
exdted  H(n)  atoms,we  use  a  set  of  balance 
cquatioirs  in  ^xdneh  wc  take  into  account  cascade 
radiative  transitions,  inelastic  collisions  of  the 
exdted  hydrogen  atoms  with  electrons,  H2 
molecules  and  hydrogen  atoms  H(n=l)  in  the 
ground  electron  state,  the  ionization  of  the 
exdted  hydrogen  atoms  by  dectron  impact  and 
the  processes  of  the  excitation  of  H(n)  levels 
through  reactions  of  three-particle 
recombination  of  H*  ions  and  of 
photorecombination  and  dissodative 
recombination  of  H:*  and  ions.  •  We  took 

into  account  25  levels  of  a  hydrogen  atom. 


We  have  analyzed  the  effect  of  the 
quenching  of  the  exdted  levels  of  hydrogen 
atoms  by  heavy  plasma  particles  on  the 
distribution  function  of  H(n)  in  a  purdy  atomic 
system  in  the  post-discharge  period.  This 
situation  was  studied  by  de  Graaf  in  [2],  \dtere 
the  absolute  concentrations  of  the  exdt^  H(n) 
atoms  in  the  atomic  flux  of  a  recombinative 
plasma  were  measured  by  recording  the 
radiation  from  the  Balmer  series  of  atomic 
hydrogen  lines.  It  was  noted  that,  in  some  cases, 
the  effective  temperature  for  the  distribution  of 
the  H(n)  atoms  (calculated  from  the  slope  angle 
of  the  distribution  function  for  n  >  8)  can  differ 
substantially  from  the  electron  temperature 
obtained  by  Langmuir  probe. 

In  order  to  identify  the  mechanisms  for 
the  formation  of  the  distribution  of  H(n)  atoms 
whose  effective  temperature  Tefr  differs  rnarkedly 
from  the  electron  temperature,  we  calculated  the 
quasisteady  distribution  function  of  the  excited 
H(n)  atoms  by  using  the  “atomic”  model  (model 
wMch  incorporates  as  a  heavy  particles  only 
atoms). 

In  calculations  the  unknown  values  of 
the  gas  temperature,  the  concentration  of  heavy 
particles  n<H(n-i))  and  the  electron  coiurentration 
were  varied  in  a  wide  range.  A  comparison 
between  the  calculated  and  experimental 
dependencies  of  the  population  of  electronically 
excited  levels  of  hydrogen  atoms  is  made  in 
Fig. I,  in  which  H(nVgn  are  plotted  as  a  function 
of  Em  (where  Em  and  gn  are,  respectively,  the 
ionization  energy  and  the  statistical  weight 
factor  of  the  atomic  level  with  quantum  number 
n).  In  this  case,  the  measured  temperature  and 
concentration  of  the  electrons  were  Te  =  0,31  eV 
and  ne  =2,8. 1 0 '  ^  cm-^ 

The  best  agreement  between  the 
calculated  and  experimental  distribution  of  H(n) 
atoms  at  n  =  3, ....,13  levels  was  obtained  for  Tg 
=  850  K,  UH  =  3,42.1015  cm-3  and  n*  =  4,3.I0'2 
cm-5.  In  this  case,  the  effective  temperatures  for 
the  both  distributions  at  n  =  8-13  levels  are  the 
same  (0,1  eV)  and  are  lower  than  the  electron 
temperature  by  a  factor  of  three. 
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The  effective  temperature  for  the 
calculated  distributioa  of  H(a)  atoms  is  Tctr  =  Tg 
because  the  excitation  and  quenching  of 
hydrogen  atoms  at  levels  higher  then  n=6  are 
primarily  governed  by  their  collisions  with  heavy 
particles. 

Analysis  of  the  mechanisms  for  the 
formation  of  the  distribution  function  of  excited 
hydrogen  atoms  allows  us  to  draw  a  conclusion 
t^t  the  proposed  method  of  measuring  the 
tenq)eratm:e  ffom  the  radiation  spectrum  of  the 
atomic  lines  of  hydrogen  atoms  can  be  used  in  a 
fairly  wide  ranges  of  the  gas  temperatures  and  of 
the  electron  concentration. 

This  woric  was  supported  by  INTAS 
(Project  INTAS-94-2922),  by  the  Russian 
Foundation  for  Fundamental  Investigations 
(Project  No  96-02-16419)  and  NATO  (NATO 
HTECH.LG  951514X 
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Fig.l. 

Population  of  the  excited  states  of  hydrogen 
atom;  ■  -  experimental  data  [2];  •  -  results  of 
calculations  made  in  the  framework  of 
“atomic”  model  with  taking  into  account  of  the 
melastic  collisions  of  excited  atoms  with  heavy 
particles  for  nu  =  3,42.  lO^  cm-3,  Tg  =  850K, 

T,  -  0,3  eV  and  m  =  43.10*2  cm-3;  ^  .  the 
similar  calculations  made  without  fairing  into 
account  of  inelastic  collisions  with  heaw 
particles.  ^ 
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A  diagnostics  laser  apparatus  for  investigation  of  plasma  in  a  wide  range  of 

electron  densities 
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Results  of  a  work  on  development  of  laser 
diagnostics  complex  for  plasma  investigation  in  wide 
range  of  electron  densities  are  presented.  Diagnostics 
apparatus  consists  of  two  laser  units  with  the  ratio 
between  the  laser  wavelengths  »10.  They  can  be  used 
independently  or  simultaneously. 

1.  Infrared  He-Ne  laser  interferometer 

For  investigation  of  low  density  plasma  or  a 
lowdensity  part  of  ingomogeneous  plasma  we  have 
succesfully  used  an  interferometer  based  on  He-Ne 
laser  with  soft  competition  of  two  normal  axial 
orthogonal  modes  of  the  resonator  with 
homogeneous  line  of  amplification  (Xi=3.39  pm). 
It’s  main  merits  are:  linearity  of  the  working  part  of 
the  apparatus  function  and  possibility  of  control  of 
the  sensitivity  of  measurements  with  the  factor  of 
1(P  without  replacement  and  readjusting  of  optical 
elements.  The  schematic  diagram  of  the  two-mode 
interferometer  is  presented  in  fig.  1.  Its  resonator  is 
formed  by  the  mirrors  Mi  and  Ma.  Between  them 
there  are  placed  an  active  element  with  He-Ne 
mixture,  a  phase  anisotropy  element  K  and  the 
investigated  plasma.  One  of  the  competition  modes 
is  selected  by  the  polarized  Pi  and  radiation  of  this 
mode  is  registrated  by  the  photodetector  Di.  Plasma 
inside  the  resonator  MiMa  having  linear  electron 
density  Nel  causes  proportional  changing  of  the 
optic  length  of  the  resonator  A(nL)  and  changing  of 
the  electric  signal  on  the  detector  Di  that  equals  AV 
(where  n  is  refractive  index  and  L  is  distance 
between  mirrors  Mi  and  Ma).  In  regime  of  soft  two¬ 
mode  competition  Nel  =  k-AV.  Coefficient  k 
depends  on  resonator  phase  anisotropy,  that  can  be 
changed  using  two  wedges  (  K  in  fig.l). 
Improvement  of  the  interferometer  was  made  to 
enhance  the  measurement  sensitivity  and  to  make 
the  control  of  the  device  characteristics  more 
convenient.  To  protect  the  resonator  MiMa  from 
influences  of  outer  factors,  the  regulation  system  of 
its  length  L  based  on  highly  stabilized  visible  He-Ne 
laser  (Xa=0,63  pm)  was  developed.  Red  radiation 
reflected  back  from  the  resonator  MiMa  is 
registrated  by  the  photodetector  D2,  voltage  signal 
is  amplified  and  applied  to  piezocorrector  that 
changes  L.  The  feature  of  this  system  is  in  frequency 
modulation  of  reference  radiation  with  the  wave 
length  X2.  To  decrease  the  level  of  the  gas  discharge 
tube  noise  of  the  infrared  laser,  simultaneous 
exitation  of  its  active  media  by  direct  current  and 
UHF-radiation  with  frequency  ~360  MHz  was  used. 
The  noise  level  of  the  output  laser  radiation  was 


decreased  by  the  factor  of  1(F  and  the  radiation 
intensity  was  increased  by  30%.  Change  of  laser 
interferometer  sensitivity  is  connected  with  change 
of  resonator  phase  anisotropy.  The  iater  is  usually 
achieved  either  by  mutual  rotation  of  two  quarter- 
wave  phase  plates  (placed  between  M1M2)  around 
their  own  axis  or  by  mutual  transportation  of  two 
phase  wedges.  The  phase-anisotropy  remote 
controlled  element  based  on  electro-optical  crystal 
made  of  LiNbOa  has  been  proposed  and  developed 
for  these  experiments.  An  general  ellipsoid  of 
refractive  indexes  of  this  crystal  in  major  rectangular 
coordinate  system  is  defined  by  an  equation  of  the 
form:  . 

aio(x^-^y^)  +  =  /, 

where  -  polarization  constants  (optic  axis  lies  in 
axis  Z).  There  are  three  alternative  of  mutual 
orientation  of  axis  Z,  electric  field  strength  E  and 
laser  axis,  when  major  ellipsoid  axis  are  not  swung 
by  electric  field.  One  of  them  was  choosen  in  the 
way  that  the  crystal  optic  axis  and  the  optical  laser 
axis  were  aligned,  but  the  electric  field  was 
perpendicular  to  both  of  the  axis.  In  this  case  the 
equation  reduces  to  the  following  form: 

(aio- r22E)x^  +  (aio  +  r22E)y^  +  asoz^  =  /, 

where  -  linear  electro-optical  affect  coefficients. 

As  we  can  see  an  anisotropy  is  not  introduced  in  the 
resonator  if  the  electric  field  E  =  0.  The  dependence 
of  the  frequency  splitting  of  own  axial  resonator 
mode  on  the  electric  strength  is  described  of 
expression: 


V12  =  (  cd/LX  )no^r22E, 

where  d-  crystal  length  in  direction  of  optic  axis  and 
rig  -  refractive  index  of  crystal  for  0-wave. 


Fig.  1 .  The  schematic  diagram  of  the  two-mode  laser 
interferometer 
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Voltage  variation  between  0  -  1,5  kV  lead  to 
variation  of  sensitivity  within  the  factor  of  40  for  the 
crystal  used.  The  value  Neimin  =  10*^  cm-^  was 
achieved  using  a  two-mode  laser  interferometer.  We 
can  note  that  the  two-mode  laser  can  be  used  as  a 
two-frequency  source  of  radiation  for  various 
interferometer  types  with  controlled  difference  of 
the  two  frequencies  in  the  interval  of  ~  100  MHz. 

2.  Ultraviolet  pulse  diagnostics 

Along  with  infrared  diagnostics  we  discuss  some  re¬ 
sults  dealt  with  application  of  ultraviolet  nitrogen 
laser  (337  nm)  for  investigation  of  rapidly 
changing  dense  plasma.  Such  laser  apparatus 
with  eith?r  Mach-Zehnder  or  Bates 
interferometers  is  able  to  measure  plasma 
electron  densities  in  the  range  N,  =  10>*-102i  cm-^. 
However,  only  shearing  interferometer  system  is 
promising  for  investigation  of  nonhomogeneous 
plasma  with  the  electron  densities  higher  than  lO'** 
cm  As  early  as  in  1990,  we  developed  a 
diagnostic  TEA  Ni  laser  and  investigated  its 
performance.  Then,  this  laser  was  used  in  our 
experiments  as  a  light  source  with  the  subnanose¬ 
cond  pulse  width  [1.2].  Its  design  is  simple  as  well 
as  inexpensive  and  especially  useful  for  multichan¬ 
nel  apparatus.  TEA  Ni  laser  consists  of  a  low 
impedence  Blumlein  pulse  generator  and  transverse 
HV-discharge  system.  Some  efforts  were  made  to 
improve  efficiency  of  the  laser.  For  this  purpose 
physics  of  formation  of  nanosecond  glow  discharge 
in  TEA  N;  laser  was  investigated  [3].  We  obtained 
experimental  data  about  the  regimes  of  transition 
between  spark  and  glow  discharge  as  well  as  about 
dependence  of  the  laser  output  on  the 
overvoltage  between  the  electrodes.  As  a  matter  of 
fact,  fast  risetime  of  the  discharge  circuit  leads  to 
increase  in  Ne  and  this  is  the  main  factor  which 
determines  the  efficiency.  In  previous  nitrogen 
laser  designs  electrodes  were  made  of  copper  or 
brass.  However,  in  order  to  achieve  the  maximum 
power  at  a  given  cavity  length  and  overvoltage, 
we  tested  various  electrode  materials  and 
modificated  the  cathode  discharge  surface  by 
plasma  technology.Use  of  this  cathode  with  large 
electron  emissiviti  led  to  two-fold  increase  in  power. 
Also  we  investigated  post  -  breakdown  prosesses 
which  conditioned  the  highest  repetition  rates. 
Results  of  behavior  of  the  atmospheric  pressure 
discharge  at  its  late  stages  as  well  as  gas 
movement  at  the  stage  when  the  discharge  current  is 
over  were  obtained  using  shadow  photography. 
Fig,  2  illustrate':  ^hese  results. 


Shock  formation  (7=1,6  jis)  Turbulent  cooling  (7=74  (is) 


Fig.  2  Imaging  of  post-breakdown  processes  in  TEA 
nitrogen  laser. 
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Electron  density  and  Electron  Distribution  Function  measurements  in  Copper 

Vapour  Laser 
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fVe  have  done  high  resolution  electron  density  and  electron  temperature  time  variations  during  the  discharge  period 
in  a  Copper  Vapour  Laser.  These  measurements  are  based  upon  spectroscopic  diagnostics  and  results  obtained  are 
one  of  the  keys  to  understanding  the  electrodynamic  behaviour  of  this  kind  of  lasers. 


Copper  Vapor  Lasers,  mainly  used  in  S.I.L.V.A. 
(Atomic  V^r  Laser  Isotope  Separation)  have  been 
often  studied.  But  a  deep  hole  in  their  knov4edge  comes 
firom  a  lack  of  plasma  state  variables  set,  as  electronic 
density  and  electronic  temperature,  with  enough 
temporal  resolution.  At  the  power  level  reached  yet  [1], 
performance  improvement  needs  to  manage  electronic 
energy  at  any  times  during  the  discharge  period.  As  far 
as  we  know,  this  p^r  presents  the  first  temporal 
results  related  to  plasma  parameters  direct 
characterization  in  the  discharge  period  with  high  time 
resolution. 

Electronic  temperature  and  density  on  axis  are 
measured  from  incoherent  Thomson  scattering  [2].  The 
attractiveness  of  this  diagnostic  derives  from  two  main 
features.  First,  it  is,  a  non  perturbing  method,  requiring 
only  an  access  to  the  plasma  radiation.  Second  it  offers 
the  potential  of  determining  detailed  information  about 
the  component  of  the  Electron  Distribution  Function 
(EDF)  on  the  laser  axis  and  sometimes  even  on  the  ions 
too.  These  advantages  are  sufBcient  to  forget  the  fact 
that  the  measurements  are  generally  very  difficult  to 
perform  mainly  because  the  scattered  light  intensity  is 
so  low,  more  than  ten  orders  magnitude  smaller  than 
the  incident  laser  power. 

Ionic  density  is  measured  from  Stark  broadening  of  the 
Balmer  emission  lines  of  atomic  hydrogen  on  the 
quasistatic  approximation  [3].  This  method  has  already 
be  applied  in  time  integrated  measurements  or  with 
poor  resolution  [4]  but  never  with  the  time  resolution 
we  have  brought  into  operation  in  the  discharge  period. 
The  results  obtained  by  these  two  methods  will  be 
successively  presented. 

1  :  Thomson  backscattering 

The  C.V.L.  is  a  20  W,  42  mm  bore  commercially 
available  triggered  at  a  pulse  repetition  frequency  of 
6000  Hz,  for  a  buffer  gas  pressure  of  25  mbars. 
Electrical  circuit  is  a  classical  resonant  one.  The 
injected  Q-switched  Nd:  YAG  laser  delivers  0.5  J  at  532 
nm  at  a  20  Hz  repetition  rate.  The  optical  pulse 
duration  is  about  7  ns  full  width  at  h^  maximum 
CFWHM)  which  is  naturally  the  time  resolution  and  this 
allows  us  to  use  a  lidar  set  up.  For  this  reason,  the 


C.V.L.  was  lengthened  by  1  m  to  prevent  window 
diffusion  of  the  YAG  probe.  The  scatered  light  at  180° 
is  then  carried  in  a  Faraday  cage  by  successive  imagery 
to  prevent  electromagnetic  noise,  dispersed  in  a  double 
monochromator  for  high  rejection  rate  and  analysed  by 
a  low  noise,  high  cfynamic  Princeton  Instrument  C.C.D. 
camera.  The  camera  is  driven  1^  a  controller  which 
operates  the  intensification  during  10  ns  for  limiting 
noise.  Figure  1  presents  results  of  the  electronic 
temperature  during  the  discharge  period  of  the  C.V.L 
extracted  from  the  EDF  analysis.  We  give  two 
temperature  for  each  time  step  relating  to  the  two  wings 
of  the  scattered  light  of  the  incident  YAG  beam.  Those 
results  are  compared  with  Boltzman  equation  resolution 
and  Maxwell  EDF  numerical  calculations  [5],  The  time 
t=0  corresponds  to  the  maximum  of  the  green  laser 
fluorescence. 

Te  (eV) 


Figure  1 :  Time  resolved  electronic  temperature 

Measurements  show  good  correlations  with  Boltzmann 
calculations  excepted  before  the  time  origin  (t  =  0).  The 
EDF  is  not  maxwellian  during  that  first  period  of  time 
in  a  C.V.L.  The  temperature  of  the  main  part  of  the 
EDF  grows  up  about  2  eV  and  radiative  emissions  show 
that  a  lot  of  copper  states  of  high  energy  are  involved. 
A  further  paper  in  preparation  will  describe  the  EDF 
behaviour  and  the  importance  of  the  high  lying  levels 
during  that  first  period.  Then,  electronic  energy  reach  4 
eV  with  a  maxwellian  EDF  and  upper  laser  state  are 
populated.  After  lasing,  this  temperature  fells  rapidly  at 
about  1  eV  and  reaches  gas  temperature  after  10  ps  as 
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alreacfy  mentionned  [6], 

Electronic  density  (Ne)  deduced  from  EDF  integration 
over  all  energies  is  presented  on  figure  2  in  arbitrary 
units. 

Ne  (u.a.) 
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Figure  2  :  Time  resolved  electronic  density  on  the 
tube  axis. 

2  :  Quasistatic  Stark  broadening  of 
hydrogen  Baimer  lines 

The  light  emitted  from  the  C.V.L.  is  focused  onto  a  set 
of  14  optical  fibers  of  different  length  to  discretise 
precisely  (for  derivative  analysis)  the  time  resolved 
acquisition  and  again  is  carried  in  the  Faraday  cage. 
The  detection  set  up  is  the  same  as  for  Thomson 
scattering.  The  radial  translation  of  the  fibers  bundle, 
statistically  arranged  on  the  front  of  the  laser  and  after 
two  di^hragms,  allows  the  measurements  of  Ni  for 
three  independant  radial  positions  (one  only  is  used 
here).  More  than  2500  spectra  were  handly  analysed  to 
verifie  the  good  repr^uctibility  and  to  obtain  a 
temporal  resolution  smaller  than  5  ns. 

Figure  3  shows  results  on  ion  density  measurements  for 
Hs  spectra  in  the  discharge  period. 


Figure  3  :  Ionic  density  determined  from  H8  (410.2 
nm)  broadening  on  the  tube  axis.  The  three 
differents  points  represent  three  successive 
acquisitions. 

In  a  first  step,  from  Hp  width  measurements  we  have 
verified  that  Hs  was  not  reabsorbed  by  the  plasma.  In  a 
second  step,  by  a  fit  at  t  =  -200  ns  (late  post-discharge) 
of  both  Ne  and  Ni  (Figures  2  and  3),  we  have  verified 
that  space  charge,  negative  ions  and  multicharged  ions 
densities  are  less  than  a  few  10^^  cm‘^  and  confirmed 
the  drop  at  350  ns  (figure  4). 

After  this  verifications,  we  can  conclude  ,to  a  singular 
behaviour  of  the  electronic  density.  Firstly,  the  density 


is  alreacty  high  2.10*^  cm'^  in  the  begining  of  the 
discharge  period  and  the  plasma  is  highly  conductive. 
Then  electron  density  behaviour  at  t  less  or  equal  to  0 
(the  arrow)  shows  a  strong  copper  ionisation  by  a  fector 
of  2. 

Ne(10'’em-3)  Ni(10”cffl^ 


Figure  4  :  Ionic  density  (circles)  on  the  tube  axis 
deduced  from  Stark  broadening  and  comparaison 
with  electronic  density  (squares)  obtained  from 
Thomson  scattering. 

The  Ne  drop  between  200  and  300  ns  is  not  due  to 
neither  three  txxfy  nor  radiative  recombination  nor  ions 
and  electrons  transportation,  but  for  us,  it  seems  to  be 
attributed  to  autoionizing  states  kinetic  through 
dielectronic  recombination  (capture)  combined  with 
tr^}ping,  ion  levels  and  stepwise  ioni2^on.  By 
intr^uction  of  the  3d’4p^  [7]  state  in  a  kinetic  code  [8] 
it  is  possible  to  confirm  a  Ne  50  %  drop  at  that  time. 

3 :  Conclusion 

Ionic  density,  electronic  density  and  electronic 
temperature  are  measured  in  the  discharge  period  in  a 
C.V.L  with  high  temporal  resolution  lower  than  7  ns. 
Results  on  density  measured  by  Stark  broadening  were 
confirmed  Thomson  scattering.  No  measurable  space 
charge  is  observed,  and  it  is  the  same  for  negative  ions 
or  positively  multicharged  one.  Results  on  EDF  show 
from  row  data  a  non  maxwellian  EDF  during  the  period 
proceeding  laser  emission.  The  main  way  for  excited 
ions  recombination  seems  to  be  dielectronic  one. 
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1.  Introduction 

Transitions  probabilities  are  relevant  for 
atomic  studies,  applications  to  astrophysics  and  laser 
physics.  However,  a  few  papers  treated  this  subject 
using  laser  induced  breakdown  spectroscopy  (LIBS). 
Indeed,  pulsed  focused  laser  is  a  simple  way  for  plasma 
creation.  Emission  spectra  treatment  allows  transition 
probabilities  determination. 

In  this  work,  transition  probabilities  are 
experimentally  determined  with  branching  ratios  of 
some  spectral  lines  arising  from  2^2p^3p  levels  from 
multiplet.  Emission  spectra  are  deconvolved  by  a 
iterative  method  [5]  to  remove  apparatus  function 
effect.  Electron  density  and  temperature  are  calculated. 
Transitions  probabilities  are  deduced  from  relative  total 
intensity  ratios  in  deconvolved  spectra  by  combining 
experimental  lifetime.  Finally,  our  results  are  compared 
with  previous  values  of  other  authors  [1,2]  and 
discussed. 


2.  Experimental  Setup 

A  Nd:YAG  laser  operating  at  its  fimdamental 
wavelength  ko  =  1064  run  generates  pulses  of  3 10  mJ 
maximal  energy  and  10  ns  duration,  llie  laser  beam  is 
focused  in  a  N2  gas  by  a  7,56  cm  focal  length  lens.  The 
spot  diameter  is  about  0,5  mm  large  and  gives  a  light 
flux  equal  to  1,7.  lO”  W/cm^.  The  laser  intensity  may 
be  reduced  using  a  polarization  device.  Nitrogen  gas 
was  inside  a  vacuum  cell  and  maintained  at  0,5  bar 
pressure.  Plasma  emission  is  focused  onto  the  entrance 
face  of  an  optical  fibber  at  right  angle  to  the  path  of  the 
laser  pulse.  This  fibber  is  specially  carried  out  IR  and 
visible  transmission.  The  light  is  focused  onto  the 
entrance  slit  of  a  Chromex  spectrometer  coupled  to  a 
512  pixels  detector.  The  diffraction  device  used  is  1200 
grooves/mm  grating  yielding  a  spectroscopic  resolution 
of  0,4  A/pixel.  An  optical  multichannel  analyser  system 
(OMA  3)  allows  time  resolved  analysis  of  emission 
spectra.  Temporal  delay  between  the  laser  pulse  and 
spectrum  acquisition  is  controlled.  We  check  the 
detector  linearity  in  the  spectral  range  of  interest  using 
a  tungsten  lamp. 

3.  Method 

The  used  method  is  based  on  relative  line 
emission  intensities  measurement.  In  the  local 
thermodynamic  equilibriiun  and  optically  thin  plasma 
assumption,  line  intensities  ratios  are  obtained  using 
Boltzman  law  and  emission  line  intensities  for  two 
transitiorrs  [3].  Branching  ratios  method  is  suitable 


when  studying  transition  probabilities  of  lines 
multiplet.  In  this  method,  all  transitions  from  the  same 
level  are  considered.  Absolute  density  number,  absolute 
line  intensity  and  temperature  are  not  needed  [6]. 
Branching  ratios  are  given  by  : 


J  A 

n  _  ww  _  ^mn 


(1) 


m  m 


Using  the  known  upper  state  lifetime  Xm, 
individual  transitions  probabilities  by  : 

f  A  ^nm 

T 


we  deduced 


(2) 


4.  Results  and  discussion 

4.1.  Emission  spectrum 

Spectrum  identification  shows  that  at  early 
time  (<  300  ns),  continuiun  radiation  dominates.  Nil 
ionized  lines  appear  up  to  1,5  ps  delay  after  laser  pulse. 
Neutral  lines  becomes  evident  after  1  ps.  NI  lines 
intensities  and  linewidths  decrease  considerably  after  3 
ps  delay.  Fig.  1  shows  a  typical  spectrum  for  NI  lines 
studied  and  obtained  for  2  ps  delay  and  for  5.10'° 
W/cm^  laser  intensity.  Under  these  conditions,  optically 
thin  plasma  assumption  is  made  to  calculate  transition 
probabilities. 

Line  intensity  analysis  was  carried  out  by 
making  deconvolution  of  the  experimental  profile  by 
the  apparatus  system  determined  by  registering  a 
spectral  line  from  mercury  calibration  lamp  at  X.  = 
4358.4  A.  This  line  is  quite  narrow  in  comparison  with 
plasma  lines.  The  deconvolution  method  is  used  on  real 
and  positive  signals  as  line  spectrum  [5].  Working  on 
deconvolved  spectrum  allows  to  improve  continuiun 
and  line  intensity  estimation  by  resolving  the 
overlapped  lines.  Line  intensities  are  calculated  by 
integrating  each  line  from  the  deconvolved  spectrum. 
The  relative  error  on  these  parameters  is  4  %. 

4.2.  Diagnostics 

In  an  optically  thin  plasma,  excitation 
temperature  is  given  by  line  intensities  ratios  from  two 
same  ionization  states  elements  [3].  The  selected  lines 
are  NI  lines  at  7442.3  A  and  8242.4  A  respectively. 
From  the  deconvolved  spectrum,  the  electronic 
temperatiue  is  calculated  to  be  3.10'*  °K.  In  order  to 
support  the  Local  Thermodynamic  Equilibriiun  (LTE) 
assumption,  we  used  the  Me  Whirter  criterion  [4]. 
From  simplified  expression  of  full  width  at  h^ 
maximum  [4],  electron  density  of  the  plasma  is  about 
2.10'^  cm'^.  This  value  derived  from  Stark  broadening 
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parameter  of  MI  line.  These  results  support  the  LTE 


Figure  1.  Experimental  spectrum  of  NI  multiplet  and 
deconvolved  one. 


4.3.  Results  and  discussion 

We  have  measured  the  atomic  transition 
probabilities  of  NI  multiplet  lines  and  obtained 
ej^rimental  reference  values  of  2p\3P)  3p{^Sy2)  -- 
2r  Ip^CP)  3s(''Ri/2.3/2,  5/2)  transitions  at  7423.64  A, 
7442.3  A  and  7468.31  A  respectively  with  available 
lifetime  data  for  their  upper  states.  We  applied  the 
measurement  of  [1]  who  t^e  an  experimental  average 
value  determined  by  state  selective  laser  excitation 
techniques.  Thq^  obtain  tn,  =  24.7  ns  ±  5  %.  All  the 
results  are  shown  in  table  1;  branching  ratios,  transition 
probabilities  and  standard  uncertainties  are  given  for 
each  multiplet  line.  For  comparison,  we  present  in  table 
1  the  theoretical  results  for  transition  probabilities 
calculated  by  Weiss  (this  result  is  given  by'  Musielok) 
and  the  experimental  results  obtained  ty  Musielok  [1] 
andZhu  [2]. 

The  uncertainties  listed  in  table  1  have  been 
estimated  by  taking  into  account  the  following 
contributions  :  a)  systematic  uncertainties  of  the  line 
profile  after  deconvolution  method,  give  a  line  intensity 
measurement  error  of  ±  4  %  for  each  line,  b) 
uncertainty  in  the  lifetime  data  is  estimated  to  be  ±  5 
%,  c)  possible  deviation  from  linearity  of  the 


photoelectric  detection  system,  estimated  to  be  less  than 

1  %  in  our  wavelength  inter\'al.  Integrated  intensity _ 

computation  error  is  also  negligible.  Finally, 
uncertainty  on  atomic  transition  probabilities  is 
estimated  to  ±  13  %. 

Our  results  for  the  3p  -  3s  NI  transition  are  in 
good  agreement  with  the  experimental  and  theoretical 
values  from  other  plasma  sources.  This  experiment 
confirm  LIBS  as  a  good  emission  source  for  atomic 
transition  probabilities  determination. 

5.  Conclusion 

In  this  work,  it  is  proved  laser  produced 
plasmas  are  very  interesting  spectroscopic  sources 
providing  enough  high  temperature  and  density  media. 

The  advantages  are  the  simple  method  to  obtain 
spectrum  and  deconvolution  method  validity  to  more 
accuracy.  If  we  used  time  resolved  spectroscopy,  the 
employed  method  to  calculate  atomic  transition 
probabilities  is  a  good  reference  to  calibrate  our  system. 
Moreover,  emission  spectrum  will  be  used  for  Stark 
parameter  determination.  At  this  time,  experiments  are 
carried  in  our  laboratory  to  study  other  multiplet 
transitions  in  N2  plasma.  Other  experiment  will  be 
conducted  to  study  transition  probabilities  in  Fe  and  Si 
laser  produced  plasma  for  abundance  determination 
which  is  important  in  astrophysical  applications. 
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Table  1  :  Atomic  transition  probabilities  ofNI  with  experimental  branching  ratios 


Transition  levels 

Line  (A) 

Branching 

ratios 

Atomic  transition  probabilities  (10*  s'‘) 

Upper 

Lower 

This  work 

Ref  [1] 

Ref  [2] 

Ref  [1] 

2s^2p^3p(%,2) 

2s^2P^3sCPu2) 

7423.64 

0.1425 

0.0591  ±13% 

0.0563  ±11% 

0.062 

■ 

2^2p'^3p{%,2) 

2^2phsCPy2) 

7442.3 

0.309 

0.125  ±13% 

0.123  ±11% 

0.12 

H 

2i2p-3p{%,2) 

2shp'^3s{\,2) 

7468.31  ' 

0.548 

0.221  ±13% 

0.19  ±11% 

0.185 

0.188 
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1.  Introduction 

TPD-S  of  National  Institute  for  Fusion  Science 
stands  for  Test  Plasma  witli  Direct  current  discharge 
for  Spectroscopy.  As  shown  in  Fig.  1,  the  TPD-S 
machine  creates  a  stationary  plasma  by  discharge 
between  cathode  and  anode.  The  plasma  flows  out  of 
the  hole  in  tlie  anode  into  tlie  vacuum  vessel  where 
there  is  no  magnetic  field.  It  was  found  that  a  very 
sharp  boundary  plasma  is  created  even  without 
magnetic  field.  Depending  on  discharge  parameters, 
tlie  plasma  takes  various  shapes.  To  study  tlie  plasma 
shape  and  its  creation  mechanism,  a  measurement  with 
a  spatial  resolution  is  necessary 

For  such  spatially  resolving  measurement,  the 
following  two  types  of  image  detector  have  been 
prepared.  Each  of  them  will  be  used  as  a  detector  of  a 
visible,  VUV,  or  soil  X-ray  polychromator. 

(1)  Hamamatsu  C4880-92  Intensified  Cooled  CCD 
camera  with  a  software  HiPic  (High  Performance 
Image  Controll  System)  to  process  tlie  image  data. 

(2)  FUJIX  DS-505  Digital  Camera,  which  is  not 
manufactured  for  physical  measurement.  So  to  process 
its  image  data,  we  should  develop  a  computer  program 
for  ourselves. 

The  purpose  of  tliis  research  is  to  analyze  the  data 
format  of  the  digital  camera  and  make  a  computer 
program  to  read  the  image  data.  Process  of  the  image 


Fig.  1.  Schematic  Drawing  of  TPD-S  machine. 


data  will  be  made  by  modifying  tlie  computer  program 
already  developed  in  our  group[l]. 

2.  Data  Format  of  Digital  Cameras 

Recently  performance  of  digital  cameras  has  been 
improved  extensively.  Various  digital  cameras  can  be 
purchased.  To  use  one  as  a  detector  of  spectroscopy,  tlie 
most  important  tiling  is  its  data  format.  Because  the 
image  data  file  is  very  big,  several  techniques  are  used 
to  reduce  the  file  size.  After  applying  such  a  size 
reduction  technique,  the  information  of  tlie  light 
intensity  is  tost.  Usually  this  fact  is  not  paid  attention 
because  the  major  purpose  of  digital  cameras  is  to 
display  a  good  image  for  human  vision,  where  physical 
exactness  is  not  needed.  For  the  light  detector,  however, 
it  is  essentially  important.  Therefore  tlie  selection  of  a 
digital  camera  should  be  made  vciy  carefully. 

Many  digital  camera  use  JPEG  format  because  of 
its  small  file  size.  But  it  should  be  noted  that  a  digital 
camera  witli  such  format  as  JPEG,  PCX,  EPSF  etc, 
cannot  be  used  as  a  light  detector'  A  digital  camera 
which  uses  the  uncompressed  mode  of  TIFF  (Tag 
Image  File  Format)  or  BMP  (Microsoft  Window 
Bitmap  Format)  can  be  used  because  they  contain  the 
light  intensity  in  the  form  of  red,  green,  and  blue 
components. 

3.  Reading  Image  Files 

The  digital  camera  DS-505  which  we  prepared  has 
the  uncompressed  TIFF  format  (24  bit  color  mode).  So 
what  we  need  is  to  make  a  computer  program  for 
reading  the  TIFF  format  file.  We  found  that  the  TIFF 
format  is  very  complicated  and  many  versions  exist. 

According  to  a  literature[2],  "TIFF  has  gamed  a 
reputation  for  power  and  flexibility,  but  it  is  considered 
complicated  and  mysterious".  So  we  gave  up  to  read 
the  general  TIFF  file  and  will  be  satisfied  with  reading 
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Fig.  2.  An  example  of  plasma  image 
taken  from  the  window. 


Fig.  3.  Bird's  eye  view  like  plot  of 
red  component  of  light  intensity. 


- >  Y 

Fig.  4.  Vertical  distribution  of  red,  green,  blue 
component  of  light  intensity  at  positions  A  and  B. 


only  the  TIFF  file  created  by  DS-505. 

TIFF  files  are  organized  into  three  sections,  tlie 
Image  File  Header,  the  Image  File  Directory,  and  the 
bitmap  data.  We  analyzed  tlie  location  of  image  data 
and  made  a  reading  program  using  Quick  Basic. 


4.  Light  Intensity  Distribution 

As  is  described  before,  the  shape  of  TPD-S  plasma 
changes  variously  depending  on  the  discharge 
parameters.  So  before  setting  the  digital  camera  to  a 
polychromator,  several  plasma  images  were  taken  as 
usual  photographs  through  the  window  shown  in  Fig.  1. 
Figure  2  shows  an  example  of  plasma  shape,  where  the 
color  image  taken  by  the  digital  camera  is  converted  to 
a  monochromatic  image  and  printed  out  by  a  laser 
printer.  In  this  example,  tlie  plasma  light  is  bright  near 
the  anode,  then  decreases,  and  appears  again. 

Using  the  Quick  Basic  program,  the  data  file  is 
read  and  the  red  component  of  plasma  light  is  plotted 
in  a  bird's  eye  view  like  plot  in  Fig.  3.  It  is  seen  that  the 
plasma  light  near  the  anode  is  so  bright  that  the  CCD 
detector  of  the  digital  camera  was  saturated. 

Although  tlie  digital  camera  is  to  be  used  with  the 
combination  of  a  polychromator  for  spectroscopy,  a 
very  simple  separation  of  wavelength  is  made  by  tlie 
digital  camera  itself  because  it  has  red,  green,  and  blue 
filters.  Using  tliese  filters  we  check  the  plasma  light 
intensity  distribution  at  two  positions  A  and  B.  The 
vertical  distribution  of  the  red,  green,  blue  components 
are  plotted  in  Fig.  4.  It  is  found  that  tlie  red  component 
of  the  plasma  light  has  a  peak  at  the  axis  near  the 
anode  (position  A),  while  tlie  blue  component  shows  a 
hollow  distribution.  In  contrast,  at  the  position  B,  all  of 
red,  green,  blue  component  show  the  similar  parabolic 
distribution.  This  suggests  an  interesting  plasma 
creation  mechanism,  tlie  details  of  wliich  will  be  made 
clear  in  near  future  using  a  polychromator. 
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1.  Introduction 

The  usual  fields  of  technical  application  for  dielectric 
barrier  discharges  (further  called  DBD)  are  radiation 
sources  (excimer  radiation )  and  plasmachemical  reactors 
in  the  range  of  medium  or  atmospheric  pressures  [1]. 
DBD  are  initiated  by  ac-voltages  in  gaps  where  one  or 
both  electrodes  are  covered  with  dielectric  layers  which 
separate  them  from  the  gas.  The  dielectric  barrier  inhibits 
the  flow  of  direct  current.  The  basic  principle  in  most 
cases  is  to  produce  a  plasma  in  which  a  majority  of  the 
electrical  energy  is  used  for  the  production  of  energetic 
electrons,  rather  than  for  gas  heating. 

In  spite  of  a  widespread  use  of  DBD,  our  understanding 
of  the  plasma  is  still  incomplete  and  insufficient. 
Consequently,  it  is  very  important  to  diagnose  the 
plasmas  to  make  clear  and  control  the  physical  and 
chemical  processes  working  in  the  plasma. 

The  aim  of  the  present  paper  is  to  have  a  more  detailed 
view  in  the  nature  of  DBD  on  the  basis  of  new 
experimental  data  concerning  the  electron  component. 
Here  we  present  investigations  of  the  electron  density  in 
He,  obtained  from  the  Stark  broadening  of  the  profiles  of 
the  Hp  line. 

2.  Experimental  setup 

The  discharges  were  performed  in  a  single  discharge 
arrangement  [2].  This  way,  spatial  jitter  effects  have  been 
minimized.  The  typical  geometrical  dimensions  were: 
glazed  Mo-electrodes  with  a  front  surface  diameter  of 
1  mm  and  glazings  with  a  diameter  of  4  mm,  thickness  of 
the  front  surface  dielectric  dj=  0.4  mm  and  gas  space 
thickness  (electrode  distance)  d=  1.6  mm. 

In  the  experiments  we  have  used  He  as  working  gas  with 
traces  of  hydrogen  (ppm  range).  The  total  pressure  range 
was  300  -  1005  Torr.  The  discharge  was  driven  by  square 
waves  at  a  frequency  of  10  kHz  (fast  high  voltage 
transistor  switch).  At  this  stage  of  investigations  no  Abel 
inversion  was  applied. 

The  spectra  emitted  were  analyzed  by  means  of  a  0.5  m 
double  monochromator  equipped  with  a  grating  of 
2400  g/mm.  At  the  outlet  slit  an  optical  multichannel 
analyzer  (OMA)  was  used,  consisting  of  a  CCD 
(576x483  pixels)  and  proximity-focused  micro  channel 
plate  (MCP)  image  intensifier  fiber-optically  coupled  to 
the  CCD  array.  The  MCP  can  be  gated  in  less  than  5  ns. 
This  way  a  time  resolved  measurement  was  possible. 
The  effective  spectral  resolution  of  the  optical  system 
was  about  0.06  A.  The  discharge  is  imaged  onto 
the  entrance  slit  so  that  dischargfe  areas  of 
0.5-0.3  mm  x  5.6  //m  could  be  analyzed. 


3.  Diagnostics  and  results 

To  estimate  the  eletion  density  we  measured  the  profile 
of  Hp  patially  resolved  for  different  delay  times.  The 
profile  of  a  line  is  the  result  of  many  factors.  When  the 
Stark  broadening  dominates,  this  provides  a  method  for 
the  estimation  of  charged  particle  density.  Stark 
broadening  is  a  perturbation  of  the  energy  levels  of  an 
atom  or  ion  by  changing  electric  fields  occurring  in  a 
collission  with  a  charged  particle. 

Before  the  measured  line  width  is  used  to  calculate 
densities,  it  is  necessary  to  make  sure  that  the  Stark  effect 
is  really  the  most  important  line  broadening  mechanism. 
At  first,  the  Doppler  broadening  and  the  shape  of  the 
whole  profile  were  checked.  A  typical  result  for  the  full 
width  at  half  maximum  (FWHM)  is  0.06  A.  Compared 
with  measured  profiles  this  width  is  significantly  smaller 
so  that  one  may  completely  neglect  Doppler  broadening. 
However,  corrections  of  the  measured  profiles  by 
deconvolution  of  Doppler  profile  and  apparatus  function 
have  been  done.  The  resulting  line  shape  is 
approximately  Lorentzian  as  can  be  seen  from  Fig.  1 .  In 
our  case  the  main  contribution  to  the  line  width  arises 
from  the  Stark  effect. 

The  electron  density  was  determined  using  the  following 
formula  [3]: 

.  n,=  C(n„Te).  (1) 

where  AAg  is  the  full  Stark  width  and  C(ne,Te)  a 
coefficient  that  is  only  a  weak  function  of  the  electron 
density  n^  and  has  a  slight  temperature  (Tg)  dependence. 
The  values  of  the  coefficients  C  were  taken  from  [3],  too. 
A  theoretical  profile  for  n^  =  lO'^  cm'^  and  10'*  K  [4], 
considering  the  quadratic  Stark  effect  and  the  ion 
quadrupole  shift  due  to  the  ionic  microfield  and  its 
gradients,  was  compared  with  the  deconvoluted 
experimental  profile  at  the  same  density  obtained 
from  (1).  The  FWHM  of  the  theoretical  profile  was  3% 
larger  than  that  of  the  experimental  profile. 

Typical  experimental  results  for  a  gas  pressure  of  600 
Torr  are  illustrated  in  Fig.  2-4.  Figure  2  represents  the 
axial  time  development  of  electron  densities  at  the  anode 
and  cathode.  The  first  discharge  activities  were  observed 
at  the  anode  with  densities  of  the  order  of  lO'^  cm’^  (The 
precision  and  sensivity  decreases  for  values  of  electron 
densities  smaller  than  10'“  cm'^).  The  electron  density 
reaches  its  maximum  at  80  ns,  whereas  a  strong  rise  of 
-1.5  orders  of  density  is  observable  within  -5  ns.  Nearly 
the  same  strong  rise  of  density  occurs  at  the  cathode,  but 
starting  5  ns  earlier  then  at  the  anode.  The  breakdown  at 
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higher  pressures  occurs  in  this  case  streamer-like 
simultaneously  with  a  cathode  directed  discharge 
development.  The  high  plateau  of  the  electron  density  at 
the  anode  at  delay  times  of  60  -70  ns,  resulting  from  a 
Townsend  phase  of  the  discharge  development  acts  as 
precursor  on  the  streamer  phase  due  to  field  perturbations 
by  space  charges. 

Fig.  3  shows  the  radial  resolved  densities  of  the  filament. 
The  radius  of  the  He  filament  is  relatively  large  compared 
with  intensity  profiles  of  other  gases  (s.[5]).  The  centre  of 
the  filament  shows  a  slight  radial  dependence  of  density, 
whereas  the  other  part  kept  constant.  Compared  with 
intensity  profiles  of  a  single  discharge  [5]  the  density 
profile  is  shaped  more  like  a  square. 

The  density  profiles  show  a  much  more  spreading  effect 
at  the  electrodes.  In  addition,  as  one  can  see  from  Fig.4, 
the  anode  profile  is  characterised  by  a  central  dip  of 
nearly  20%  compared  with  the  maximum  of  density.  It 
could  be  due  to  repulsive  electrostatic  forces  and/or 
surface  discharges. 


Fig.  1  Deconvoluted  profile  and  its  Lorentzian  fitting 


Fig.  2  Axial  time  development  of  the  electron  densities 
at  the  anode  and  cathode 


Fig.  3  Radial  filament  electron  density  distribution 


if- 


Fig.  4  Radial  electron  density  distribution  at  the  anode 
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1.  Introduction 

Digital  Speckle-Pattem-lnterferometry  (DSPl)  [1]  can 
be  applied  to  investigate  plasmas  like  classical  and 
holographic  interferometry  [2].  It  belongs  to  the 
methods  of  speckle-pattem-correlation  and  is  rather 
known  as  a  fast  and  cheap  technique  for  determination 
of  surface  displacement  and  deformation.  As  an 
advantage  compared  to  conventional  interferometry, 
DSPI  allows  optical  components  of  non-interferometric 
quality  in  the  setup.  On  the  other  hand  the  statistical 
properties  of  the  speckle-pattern  result  in  an 
unavoidable  background  noise  of  the  phase-signal. 
Holographic  methods  are  free  of  this  shortcoming  and 
provide  the  same  advantage,  however,  they  require 
expensive  and  time-consuming  photographic 
processing  techniques. 

The  different  spectral  contributions  of  the  plasma  to  its 
refractivity  due  to  electrons,  atoms  and  ions  can  be  used 
to  determine  the  electron  density  by  measuring  the 
phaseshift  of  a  wavefront  in  the  plasma  at  two  different 
wavelengths. 

We  applied  this  two-wavelengths  method  to  a 
stationary  argon  mini-arc  [3]  end-on  diagnosted  at 
atmospheric  pressure,  assuming  a  homogeneous 
plasma.  The  phase  shift  was  measured  with  DSPI 
spatially  resolved  to  demonstrate  its  applicability. 


2.  Principle 

Electron  densities  can  be  measured  by  determining  the 
total  refractivity  of  a  plasma  at  two  different 
wavelengths,  which  is  the  sum  of  the  refractivities  of  all 
the  plasma  components  [2].  The  contribution  of  the 
electrons  according  to  their  density  JV, 

(n  - 1),  =  -const  (1) 


is  characterized  by  a  completely  different  spectral 
dependence  compared  to  that  of  the  ions  and  atoms 
(indices  refer  to  sort  of  particle) 


(«-!)»,/= • 

2^„ 


(2) 


Here  denote  the  number  density  and  ,  the 
pxjlarizability.  According  to  this  different  spectral 
behaviour  one  is  able  to  determine  the  density  of 


electrons,  provided  the  used  probing  wavelengths  are 
far  off-resonant. 

Assuming  only  one  species  of  atoms,  equal  density  of 
electrons  and  ions  (single  ionization)  and  the  relation 

„  2)  2) 

aMi) 

being  equal  for  both  probing  wavelengths,  the  electron 
density  in  a  homogeneous  plasma  of  length  L  may  be 
described!^ 

M  -  (4) 

e^L  ■  X\-PX\ 

Here  Ly/ ^  >2  are  the  interferometrically  measured 

total  phaseshifts  after  the  wavefronts  with  wavelengths 
Aj ,  A  j  have  passed  the  plasma.  The  relation  yS  can  be 
determined  by  using  the  Cauchy-formula;  values  for 
argon  are  tabulated  in  [4]. 

The  basic  optical  setup  for  DSPI  can  be  considered  as  a 
modified  Mach-Zehnder  interferometer  [5].  Two 
speckle-patterns,  produced  by  two  diffiisors,  estabhsh  a 
third  one  {primary  interferogram),  which  is  imaged 
onto  a  CCD  camera.  The  resulting  intensity  pattern  is 
digitized  before  changing  the  object  (e.  g.  displacement, 
deformation)  in  one  of  the  partial  beams,  as  well  as 
after  it.  A  so  called  secondary  interferogram  is 
obtained  by  subtracting  these  two  primary 
interferograms  pixel  by  pixel  and  taking  the  absolute 
value  of  the  difference.  The  resulting  picture  shows 
fringes  with  same  spacing  as  in  conventional 
interferometry  [1]. 

3.  Experiment  and  results 

As  can  be  seen  by  inspecting  (4),  the  precision  of 
density-measurement  strongly  depends  on  the  spectral 
separation  of  these  wavelengths.  Therefore  we  used  a 
Nd-YAG-laser  in  the  near  infrared  spectral  range  at 
1064  nm,  and  an  Argon-Ion  laser  with  456  nm.  Both 
wavelengths  could  be  detected  by  standard  CCD- 
cameras,  such  as  Hitachi  KP-160  and  Sony  XC75/CE 
in  our  case. 

The  setup  consists  of  two  nested  Mach  Zehnder 
interferometers  with  two  reflecting  diffiisors.  The  arc 
column  with  at  length  of  (20  +  5)  mm  and  a  diameter 
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of  approximately  4  mm  is  transmitted  by  both  object 
beams  of  the  interferometer.  After  that,  the  beams  are 
separated  again  by  a  filter  reflecting  at  1064  nm.  The 
arc  column  is  imaged  onto  the  diffiisor  to  minimize 
decorrelation  effects  due  to  ray  deflection. 

To  reduce  the  amount  of  detected  light  from  the  arc 
itself,  a  spatial  filter  procedure  is  used  in  addition  to  the 
reflecting  filter. 

Both  reference  beams  hit  a  common  piezo-mounted 
mirror  in  an  additional  Michelson  interferometer, 
which  is  part  of  a  computer-controlled  feedback-system 
for  temporal  phase-shifting  [6]. 

After  ignition  of  the  arc  one  primary  interferogram 
with  512x5  i2  pixels  is  recorded  by  the  camera  for  each 
wavelength  simultaneously.  The  discharge  is  cut  then, 
about  30  seconds  later  primary  interferograms  are 
recorded  after  distina  phaseshifts.  With  each  of  these 
frames  together  with  the  corresponding  interferogram 
of  the  discharge,  secondary  interferograms  are 
produced.  Their  noisy  signal  can  be  dramatically 
enhanced  applying  low-pass  filters  and  convolution 

[7]  to  rescale  intensity.  The  results  are  quasi-classical 
interferograms. 

Considering  the  time  consumption  for  the  phaseshift 
procedrrre  including  frame-grabbing,  the  Four-frame- 
technique  at  458  nm  and  the  Carre-technique  [6]  at 
1064  run  tirmed  out  be  the  best  choice  for  the 
evaluation  of  the  two-dimensional  distribution  of  the 
phase  shift  caused  by  the  arc.  Values  with  modulation 
of  intensity  below  3%  are  masked. 

Figure  1  shows  the  obtained  phaseshifts  in  the  mini  arc 
multiplied  with  the  wavelengths  versits  the  radius  for 
an  electrical  current  of  35  A.  The  argon  flow  rate  was 
4.8 1/min.  Figure  2  shows  the  corresponding  radial 
electron  density  determined  using  (4)  and  fitted  by 
polynomial  regression  of  order. 


Figure  1.  Radial  dependence  of  the  phase  shift  A<J) 
multiplicated  with  corresponding  wavelength  X  of 
1064  nm  (curve  1)  and  458  nm  (curve  2). 

The  highest  electron  density  in  the  plasma  column  is 
about  3xl0^'m This  result  is  in  good  agreement 


with  those  obtained  by  a  nonlinear  Fizeau 
interferometer  [8]  and  by  interferometry  using  - 
holographic  elements  [9]. 


Figure  2.  Radial  distribution  of  the  electron  density  Ne 

The  spectral  separation  of  the  used  wavelengths,  the 
comparatively  short  length  of  this  plasma  and  the  given 
particle  density  represent  a  lower  detection  limit  of  the 
electron  density  using  two-wavelength  interferometry 
by  DSPI.  Since  no  refractive  index  value  of  the 
undisturbed  surrounding  medium  is  available,  which 
strongly  effects  the  precision  of  the  fit-parameters,  the 
noisy  signal  in  the  infrared  leads  to  an  overall  error  of 
more  than  70%.  The  error  of  the  longitudinal  size  of 
the  plasma  column  is  also  taken  into  account. 
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1.  Introduction 

A  new  experimental  technique  for  real-time  measure¬ 
ments  has  been  developed  v^ich  permits  the  determi¬ 
nation  of  the  spatial  distribution  of  the  electron  density 
of  a  plasma  with  a  time  resolution  commensurate  with 
the  6  ns  duration  of  a  single  laser  pulse.  Electron  densi¬ 
ties  of  3x10“  m‘^  can  be  measured  at  1  cm  plasma 
length.  The  possibilities  of  this  method  were  demons¬ 
trated  by  studying  a  steady  state  mini-arc  argon  plasma 
at  atmospheric  pressure. 

By  measuring  refractivities  of  a  plasma,  particle  densi¬ 
ties  can  be  determined.  As  the  spectral  tehaviour  of  the 
refractivity  due  to  atoms  and  ions  differs  principally 
from  that  of  free  electrons,  one  can  selectively  deter¬ 
mine  a  plasma  constituent  by  choosing  appropriate  pro¬ 
bing  vravelengths.  Provided  the  difference  in  refractive 
indices  of  a  plasma  is  measured  at  two  tar  separated 
visible  or  near  infrared  off-resonant  wavelengths,  elec- 
tr(Hi  densities  can  be  determined.  Usually  the  refracti¬ 
vities  are  measiu-ed  interferometrically  at  these  two 
wavelengths  separately  and  the  electron  density  is 
calculated  then.  In  1970  a  holographic  method  for  a 
direct  measure  of  the  refractivity  dispersion  of  phase 
objects  was  suggested  [1]  and  applied  to  plasmas  later 
on,  e.  g.  [2].  Ten  years  later  [3]  and  independently  [4,5] 
described  a  number  of  interferometers  l^ed  on  second 
harmonic  generation  (SHG);  the  so-called  nonlinear 
Fizeau  interferometer  allows  a  direct  measurement  of 
the  difference  in  the  refractive  indices  for  the  funda¬ 
mental  and  second  harmonic  wavelengths. 

By  introducing  a  polarizing  filter  after  the  second  SHG 
crystal  (see  Fig.  1)  we  were  able  to  cancel  the  inhomo¬ 
geneity  of  the  carrier  ftinges  introduced  by  the  crystal. 
Since  all  relevant  information  is  carried  by  the  second 
harmonic  waves,  dielectric  mirrors  could  be  used  to 
suppress  the  light  from  the  arc  itself. 


2.  Principles  of  measurements 

In  case  of  non-resonant  conditions  the  refractivity  (n-1) 
of  a  plasma  at  visible  and  infrared  wavelengths  X  may 
be  described  by 

in-l)^-CN^X^  +(a  +  b/A^)N^.  (1) 

The  first  term  considers  the  influence  of  free  electrons 
of  number  density  N^,  the  second  term  gives  the  contri¬ 
bution  of  the  atomic  constituents  of  density  N^.  C 
comprises  some  physical  constants,  a  and  b  are  materi¬ 
al  parameters.  For  argon  they  are  tabulated  in  Ref  [6]. 


Assuming  a  plasma  length  /  the  fringe  shift  in  a 
nonlinear  Fizeau  interferometer  is  given  by 

k=^cmj+^Nj.  (2) 

For  many  plasmas  the  second  term  in  Eq.  (2)  is  small 
and  may  be  neglected.  So  the  fringe  shift  k  is  prt^xMti- 
onal  to  the  electron  density  and  the  interference  pattern 
yields  lines  of  equal  electron  densities. 

In  the  -case  of  a  mini-arc  plasma  [7]  as  used  in  our 
experiments  both  terms  in  Eq.  (2)  are  of  the  same 
magnitude.  To  avoid  errors  introduced  by  the  sectmd 
term  we  measured  A,  independently  by  means  of  a 
Mach-Zehnder  interferometer.  As  the  fiinge  shift  in  the 
nonlinear  Fizeau  interferometer  is  much  smaller  than 
unity,  we  used  heterodyning  and  FouHct  transftxm 
methods  as  described  in  Ref.  [8]  and  discussed  in 
Refe.  [9-12]. 

A  scheme  of  the  real-time  interfercMneter  is  shown  in 
Fig.  1.  Light  of  the  fundamental  X  and  second  harmo¬ 
nic  V2  wavelength  of  a  Nd:YAG  laser  equipped  with  a 
SHG  crystal  SHGi  penetrates  the  plasma  PI.  Due  to  the 
plasma  dispersion  the  optical  paths  for  infrared  and 
green  light  are  slightly  different.  A  part  of  the  infixed 
light  is  frequency  doubled  by  SHG2  and  interferes  with 
the  green  light  from  SHGi,  such  forming  the  dispersion 
interferogram. 
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Figure  1.  Principal  set-up  of  a  nonlinear  Fizeau  interfero¬ 
meter.  SHGi^SHGt  second  harmonic  generating  crystals; 
PI  plasma  source;  F  filter. 
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Fignre  2.  Radial  distributions  of  the  electron  density  Nc  in  a 
mini-arc  plasma  at  an  argon  flow  rate  of  4.8 1/min  and  vari¬ 
ous  electric  currents.  The  overall  error  is  estimated  to  30%. 


3.  Experiments,  results  and  discussion 

For  our  experiments  we  used  an  injection-seeded 
Nd:YAG  laser  (Spectra-Physics  GCR  170-10)  in  long 
pulse  mode  with  a  built  in  KD*P  crystal  for  SHG.  As 
plasma  source  we  used  a  mini-arc  in  argon  at  atmos¬ 
pheric  pressure  [7].  The  plasma  length  was  (20±5)  mm, 
the  diameter  of  the  cascade  approximately  4.5  mm. 

The  caitre  of  the  arc  column  was  imag^  onto  a  CCD 
camera  (Hitachi  KP  160)  and  digitized  by  a  frame 
grabber  card  (Imaging  Technology  PCVision  Plus). 
Quantitative  evaluation  was  done  by  means  of  frst 
Fourier  transform  algorithms  on  a  personal  computer 
(Intel  i486).  The  carrier  frequency  for  the  heterodyne 
evaluation  procedure  was  introduced  by  a  BK7  glass 
wedge.  The  light  from  the  arc  itself  was  supressed  by 
multiple  reflection  on  dichroic  mirrors  optimized  for 
the  seccHid  harmonic  wavelength  and  by  spatial 
filtCTing. 

The  KD*P  crystal  SHG2  produced  some  additional  light 
vsdiich  was  polarized  orthogonally  to  the  original  pro¬ 
bing  beams.  These  additional  beams  disturbed  the  ^al 
interference  pattern,  so  a  polarizing  filter  was  intro¬ 
duced  to  remove  this  imwanted  influence. 

Measurements  of  the  electron  density  have  been  carried 
out  for  three  values  of  electric  current  (25  A,  35  A  and 
45  A)  at  an  argon  flow  rate  of  4.8  1/min.  The  radial 
distributions  of  the  electron  densities  typically  obtained 
are  shown  in  Fig.  2,  no  smoothing  algorithms  have 
been  used.  The  electron  densities  at  the  plasma  column 
axis  were  1.7x10^^  m'^  at  25  A,  2.9x10“  m'^  at  35  A 
and  4.2x10“  m'^  at  45  A.  The  behaviour  of  the  experi¬ 
mental  curves  shows  a  reasonable  growth  of  electron 
density  with  the  electric  current  and  an  axial  symmetry 
corresponding  to  the  discharge  geometry.  These  results 
correspond  within  7%  with  those  obtained  by  speckle 
metrology  [13].  They  are  also  in  good  agreement  with 
measurements  done  by  two-wavelength  interferometry 


on  a  similar  arc  [10]  using  holographic  q)tical  ele¬ 
ments  [12]. 

The  main  contributions  to  the  overall  error  of  30%  are 
to  equal  amounts  due  to  (i)  the  signal-to-noise  ratio 
typically  obtained  in  the  sub-fringe  domain,  (ii)  the 
evaluation  procedure  based  (Hi  heteroefyning  and  &st 
Fourier  transform  methexis,  (iii)  the  not  exactly  known 
longitudinal  size  of  our  mini-arc  plasma  column. 
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1  Introduction 

Experimental  data  of  electron  densities  in  plasmets  of 
high  pressure  lamps  are  needed  to  improve  computer 
simulation  models  to  understand  fundamental  prop¬ 
erties  of  these  light  sources.  Optical  two- wavelengths 
interferometry  is  a  common  tool  for  the  determina¬ 
tion  of  electron  densities  in  plasmas  [1],  It  is  based 
on  the  different  wavelength  dependences  of  the  re¬ 
fract!  vity  of  electrons  and  heavy  particles.  For  high 
sensitivity  of  the  electron  density  determination  one 
of  the  two  waves  should  have  a  large  wavelength. 

We  used  the  method  of  Digital-Speckle-Pattern- 
Interferometry  (DSPI)  [2,3,4]  in  connection  with  a 
temporal  phase-shifting-technique  [5,6]  to  evaluate 
the  phase  distribution  of  a  wavefront  after  passing 
the  plasma.  In  contrast  to  conventional  interferome¬ 
ters  the  use  of  DSPI  allows  a  compensation  of  the 
influence  of  the  glass-bulb  of  the  lamp  on  the  phase 
of  the  wavefront.  The  advantage  of  DSPI  against 
holographic  interferometry  is  the  direct  detection  of 
intensities  by  CCD-cameras  instead  of  using  photo¬ 
graphic  materials  for  storing  the  wave  fronts  without 
plasma.  So  we  were  able  to  use  the  1064  nm  line  of  a 
Nd:YAG-Laser  (beside  an  Ar^-Laser  at  488  nm)  to 
increase  the  sensitivity  of  the  measurement. 


with  the  factor  of  physical  constants  being  k  = 
e^/Sn^eomeC^.  x  and  y  are  spatial  coordinates  in  the 
interferogram,  r  is  the  position  vector  in  the  plasma. 
L  is  the  geometrical  path  length  of  the  light  beam 
through  the  plasma,  Ua  and  a,-  are  the  polarizabili¬ 
ties  of  atoms  and  ions  involved. 

Because  of  the  weak  wavelength  dependence  of  the 
polarizabilities  it  is  possible  to  calculate  the  electron 
density  in  the  plasma  by  producing  two  interfero- 
grams  at  different  wavelengths  Ai  and  A2.  Assum¬ 
ing  radial  symmetry  for  the  plasma  arc  of  the  lamp 
and  interferometric  side-on  diagnostics  the  radial  dis¬ 
tribution  of  the  electron  density  Ne{r)  in  one  cross 
section  (with  constant  coordinate  x  in  the  two  di¬ 
mensional  interferogram)  can  be  calculated  from  the 
two  measured  phase  shifts  A^i{y)  and  A<f>2{y)  by  an 
i46e/-inversion  using  a  Founer-algorithm  [7]: 


iiorrieC^ 

"(Ai-/3A?)' 
d{PA<j)i{y)Xi  -  A(i>2{y)\ 
dy 


2) 


(2) 


dy 
\/y^  - 


j3  is  defined  as  ota{X2)/aa{Xi). 


2  Principle  of  measurement 

The  total  refractivity  (n  —  1)  of  a  plasma  can  be  con¬ 
sidered  as  the  sum  of  the  refractivities  of  its  differ¬ 
ent  particles  [1].  Assuming  a  plasma  containing  only 
electrons  and  one  sort  of  neutral  and  singly  ionized 
atoms  the  measured  phase  shift  of  an  electromag¬ 
netic  wave  of  wavelength  A  traversing  the  plasma  is 
related  to  the  number  densities  of  the  atoms  Na ,  the 
ions  Ni  and  the  electrons  Ne  by 

A<t>{x,y)  =  ‘^[■^aa{X)  j^Na{r)ds+ 

“i(A)  f  Ni{r)ds  - 
Jl 

-k-X^  J^N,{r)ds],  (1) 


3  Measurements  and  results 

The  optical  setup  can  be  considered  as  two  speckle- 
interferometers  of  MACH-ZEHNDER-type  for  the 
wavelengths  of  488  nm  and  1064  nm  (Fig.  1).  This 
arrangement  allows  a  digitization  of  the  two  inter- 
ferograms  for  both  wavelenglhs  at  the  same  time. 
To  reduce  the  radiation  of  the  plasma,  diaphragms 
and  interference  filters  were  used  in  the  optical  paths 
of  the  object  arms. 

A  common  phase  shifting  device  in  the  reference  arm 
of  the  two  interferometers  allowed  the  digitization 
of  primary  interferograms  at  defined  reference  phase 
shifts.  The  phase  shift  was  controlled  by  measuring 
the  intensity  at  the  exit  of  an  additional  Michelson- 
interferometer  in  the  reference  arm  of  one  of  the 
two  speckle-interferometers.  The  phcise  distributions 
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were  calculated  from  four  phase-shifted  frames  of  pri¬ 
mary  interferograms  in  the  two  object  states. 

Figure  2  shows  the  electron  density  in  one  cross  sec¬ 
tion  of  the  lamp  calulated  using  eq.  2. 

An  error  of  0.8  •  10^^  m“^  was  estimated  because 
of  the  accuracy  of  the  phase  determination  (about 
27r/20).  The  lowest  electron  densities  which  can  be 
measured  depend  on  difference  of  the  wavelengths 
choosen  and  are  in  the  range  of  2  •  10^^  m~^  at  1  cm 
plasma  length. 


Figure  1:  Schematic  optical  setup  for  the  spatially 
resolved  determination  of  the  electron  density  in  a 
high  pressure  mercury  lamp  by  DSPI.  1  high-pressure 
mercury  lamp,  2  Ar'*'-laser,  3  Nd:YAG-laser,  4  CCD- 
camera,  5  reflecting  diffusor,  6  transmitting  diffusor, 
7  laser  mirror  8  phase  shifting  mirror,  9  beamsplit¬ 
ter,  10  beam  expander,  11  cylindric  lens,  12  col¬ 
lecting  lens,  13  diaphragm,  14  interference  filter, 
15  photodiode. 


1/  mm 


Figure  2;  Radial  distribution  of  the  electron  density 
in  one  cross  section  of  the  mercury  lamp.  Igff  fa  3A. 

i 
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1.  Introduction 

Laser  welding  proved  to  be  a  great  success  in 
the  research  laboratory  as  well  as  in  industry.  The  high 
power  laser  welding  is  performed  with  very  complex 
physical  phenomena.  In  order  to  expand  practical 
applications  of  high  power  laser  welding,  it  is  important 
to  understand  the  basic  phenomena  of  laser  welding. 
These  physical  phenomena  should  be  observed  using 
several  method  of  diagnostics  to  get  a  highly  reliable 
welding  process. 

In  this  paper  we  described  an  experiment,  a 
laser-induced  plasma  plume  during  laser  welding  of 
steels  was  investigated  using  a  method  of  optical 
emission  spectroscopy.  A  high  power  COi  laser 
(X=  10.6  pm,  output  laser  power  P  =  2  to  4  kW)  was 
used  for  various  processing  applications,  such  as  the 
heat  treatment  of  metal  surfaces  or  welding  and  cutting 
metals  in  the  Welding  Institute  in  Bratislava.  In  a  laser 
machining  the  shield  gas  atmosphere  plays  an  important 
role  in  determining  the  quality  of  the  work  sample. 
Argon,  Helium  or  their  mixture  are  used  as  a  shield  gas 
for  welding.  Nifrogen  is  applied  as  a  shield  gas  for  the 
heat  treatment  of  metal  surfaces  and  Oxygen  for  cutting 
metals.  The  purity  of  gas  ranged  from  99.996%  to 
99.998  %. 

The  material  was  heated  by  the  interaction 
between  the  focused  laser  beam  and  the  treated  material 
during  material  processing  (  the  temperature  of  the 
processed  material  T=  1200  to  1400  “C  [  1  ]  ),  and  the 
surface  will  be  melted  instantly  to  form  plasma.  The 
metal  plasma  will  conflict  with  the  shield  gas.  At  the 
same  time  the  ionization  of  the  shield  gas  occurs.  The 
plasma  plume  of  the  size  of  magnitude  of  a  few  cm  is 
formed  near  the  surface  processed.  There  are  both  the 
shield  gas  and  the  vapours  of  the  material  processed  in 
the  plume. The  laser-induced  plasma  plume  affects 
deeply  the  processing  results.  It  is  an  important 
parameter  on  which  the  quality  of  laser  welding 
depends.  Experimental  and  theoretical  work  on  this  kind 
of  plasma  is  rare  [2,  3  and  4].  However,  it  is  obvious 
that  it  is  necessary  to  know  the  different  plasma 
parameters  as  well  as  the  plasma-chemical  reactions 
taking  place  in  order  to  explain  the  behaviour  of  these 
media  and  to  optimize  their  effectiveness  during  the 
process  laser  welding. 

2.  Observation  Method  of  Plasma 

We  have  made  an  analysis  of  the  possibility  of 
acquiring  basic  data  of  that  type  of  plasma.  The  suitable 


methods  for  analyzing  on  of  the  laser-produced  plasma 
parameters  seem  to  be  non-contact  methods.  We  have 
chosen  the  method  of  the  optical  emission  spectroscopy. 

It  is  necessary  to  use  either  a  system  of 
collimating  lenses  or  an  optical  coupling  by  an  optical 
fibre  cable  with  an  fibre  optic  probe  for  collecting  the 
from  plasma-emitted  radiation  to  the  entrance  slit  of  the 
spectrometer.  We  have  used  the  second  way.  We  have 
prepared  a  simple  system  of  the  fibre  optic  cable  with 
the  fibre  optic  probe,  see  Fig.  1.  The  fibre  optic  probe 
system  is  arranged  so  that  the  entrance  of  the  fiber  optic 
cable  pipe  (circular  profile,  diameter  2.8  mm)  is  located 
at  the  focal  plane  of  the  probe  lens.  In  this  way  the  light 
emitted  from  the  plasma  was  introduced  to  the  entrance 
pipe  of  the  fiber  optic  cable  (60  fibers, 
diameter:  250  pm). 


Th«  vrid  of  ttw libr*  optic  eablo 
positioned  on  ths  focal  plans 


ADAPTER  FOR  CtiDPUNG  OF  R8RE 
TO  MONOCHROMATOR 


Extranet  slit 
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Figure  1 ;  The  optical  arrangement  of  the  fiber  optic 
cable  with  a  fiber  optic  probe 

Because  the  probe  consists  of  the  focusing  and 
receiving  optics  in  one  compact  unit,  it  allows  us  right  to 
position  the  probe  to  the  plasma  plume.The  solution 
chosen  makes  it  possible  to  complete  the  fibre  optic 
probe  together  with  the  technological  head  of  the  laser, 
in  the  future. 

The  farther  end  of  the  bundled  fibre  optic  cable 
is  connected  to  a  fibre  optic  adapter  which  transforms 
the  aperture  of  fibre  to  the  aperture  of  the 
monochromator. 

Although  optical  fibres  have  enormous 
advantages,  they  have  one  drawback  since  of  their  small 
diameter  they  collect  a  limited  amount  of  light. 

As  a  spectrometer  (in  the  wave  length  range  of 
450  -  700  nm)  we  used  the  mirror  monochromator  SPM- 
2  (produced  by  Zeiss  Jenna,  entrance  slit  width:  0.25  or 
0.46  mm)  with  photodiode  detector. 

The  scheme  of  the  optical  emission 
spectroscopy  setup  is  shown  on  Fig.  2. 
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Figure  2;  The  schematic  diagram  of  optical 
arrangements  for  spectroscopic  measurement 

3.  First  results  of  Observing  Plasma  Plume 

The  typical  examples  of  our  first  results  of  the 
measured  line  emission  spectra  are  shown  on  Fig.  3 
(  for  shield  gases  -  Ar,  He)  and  in  Fig.  4  (their  mixture) 
and  in  Fig.  5  (for  different  output  laser  powers,  2k W 
and  4  kW),  where  the  left  side  the  values  of  reference 
spectral  lines  [5,  6]  and  the  right  represents  spectra 
emitted  fi'om  the  laser  plume. 
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Figure  3:  The  emission  spectra  of  plasma  plume 
induced  during  the  laser  welding  of  austenitic  steel.  As  a 
shield  we  applied  the  argon  and  helium  gases. 
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Figure  4:  The  emission  spectrum  of  plasma  plume 
induced  during  the  laser  welding  of  austenitic  steel.  As 
shield  gas  the  mixture  of  argon  and  helium  (75%  -  Ar 
and  25%-He)  was  used. 

The  intensity  of  the  measured  light  emitted  from 
the  plasma  plume  was  varying.  That  fact  complicates  the 
further  quantitative  measurements  of  chosen  spectral 
lines.  Therefore  these  first  measurements  have  been  only 
qualitative  and  we  prepare  a  system  consisting  of  the 
imaging  spectrograph  Jobin  Yvon  -  CP  200 'and  the 
CCD  imaging  camera  SBIG  -  ST  -  71, 
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Figure  5:  The  emission  spectra  of  plasma  plume 
induced  during  laser  welding  of  low  carbon  steel 
(  C  -  0.2%,  Mn  -  0.5%,  Si  -  0.3%  )  for  different  output 
laser  powers.  As  shield  gas  we  applied  argon. 

It  is  evident  that  our  emission  spectra  include 
the  emission  lines  mainly  from  the  processed  material 
components  such  as  Fe,  Cr  and  Ni.  The  emission  lines  of 
the  working  gases  were  observed,  too. 

4.  Conclusion 

The  present  study  leads  to  the  following  conclusions: 

An  occurence  of  the  particular  emission  lines  depends 
on  both  the  experimental  parameters  (laser  power)  and 
the  laser-processed  material  parameters  (according  to 
the  quality  of  steel  and  shield  gas). 

Our  goal  is  to  find  out  correlations  between  the 
metallurgical  characteristics  of  the  laser  processed 
material  and  the  properties  of  the  laser  produced  plasma. 
Both  aims  seem  to  be  possible. 

We  can  assume  that  the  analysis  of  chosen  characteristic 
emission  lines  makes  it  possible  to  optimize  the  material 
laser  processing  technology. 
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Introduction 

Simple  plasma  diagnostics,  such  as  Langmuir 
Probes  (LP)  or  Retarding  Potential  Analysers  (RPA), 
are  usually  used  to  characteriK  one-component  plasma, 
either  drifting  or  at  rest  in  the  diagnostics'  Same. 
However,  some  plasmas  involve  several  distinct 
components,  one  at  rest  and  the  other  drifting  at 
supersonic  velocity  for  instance.  Such  is  sometimes  the 
case  in  space:  the  ambient  ionospheric  plasma  is  drifting 
with  respect  to  the  spacecraft  fiame,  and  a  second  plasma 
component  can  sometimes  be  emitted  at  rest  by  the 
spacecraft.  In  ionospheric  plasma  simulation  chambers, 
a  drifting  plasma  is  emitted  to  simulate  ambient  plasma 
flowing  at  spacecraft  speed.  It  is  yet  impossible  to  avoid 
the  generation  of  slow  ions  through  Charge  Exchange 
(CEX)  between  fast  drifting  ions  and  slow  neutrals.  The 
density  of  this  CEX  plasma  at  rest  depends  closely  on 
the  neutral  pressure,  but  is  usually  hi^er  that  in  orbit 
and  can  sometimes  even  exceed  the  drifting  plasma 
density.  In  this  context,  the  classical  interpretation  of  I- 

V  characteristics,  either  fw  drifting  plasma  or  at  rest, 
does  not  apply,  especially  concerning  LP.  The  outcome 
of  this  paper  is  to  show  that  a  proper  analysis  of  LP 
characteristics  allows  to  distinguish  between  the  two 
components  of  the  plasma  and  determine  (at  least)  their 
densities.  The  method  used  in  this  study  is  to  perform 
numerical  simulations  and  use  their  results  as  an  abacus 
to  compare  with  experience,  but  it  should  lead  to  fester 
methods  generalized  from  classical  ones  for  one- 
component  plasmas.  We  give  the  experimental  results 
in  a  first  section  and  their  interpretation  and  comparison 
to  numerical  simulations  in  a  second  section. 

Experimental  Results 

We  performed  measurements  of  plasma 
parameters  with  LP  and  RPA  in  an  ionospheric  plasma 
simulation  chamber  called  JONAS  that  is  a  cylinder  cf 
1.8  meter  in  diameter  and  3  meters  in  length.  The 
Kaufinan  ion  source  located  at  one  of  its  ends  generates 
an  Ar"''  ion  flow  neutralized  by  an  electron  emitting 
filament.  We  obtain  a  plasma  flow  drifting  at  velocity  v/ 
depending  on  the  acceleration  voltage  F^cc  applied  on 
ions.  Neutral  (Ar)  pressure  is  3  10'*  hPa.  LP  and  RPA 
are  located  at  1  meter  from  the  source.  Measurements 
were  performed  using  different  acceleration  voltage 
values  i.e.  different  drift  velocities  for  the  ions.  The  bias 
of  a  spherical  LP  of  diameter  1  cm  was  swept  from  -10 

V  to  +10  V.  Current-tension  characteristics  for  different 
^acc  are  given  in  Fig.  1  (due  to  the  source  nature,  the 
density  varies  with  F^cc)-  The  RPA  retarding  potential 
was  swept  around  the  potential  V^cc  corresponding  to 
the  drifting  ion  energy.  Classical  analysis  of  RPA 
current  and  LP  characteristics  in  drifting  plasma  — 
extrapolated  ion  current  at  plasma  potential  gives  the 
product  of  LP  cross-section,  ion  density,  speed  and 


charge  —  yielded  two  values  for  plasma  density. 
Density  from  LP  characteristics  exceeded  the  one  from 
RPA  approximately  by  a  factor  of  3  as  can  be  seen  on 
table  1. 
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Fig.  1 ;  LP  experimental  characteristics  (ionic  branch). 


V ICC 

V/ 

LP  density 

RPA  density 

10  V 

6.9  km/s 

4.4  lO"  cm'-’ 

1.2  10'  cm  ' 

15  V 

8.5  km/s 

5.1  lO^cm'^ 

1.5  10' cm  " 

20  V 

9.8  km/s 

5.8  10'  cm  ' 

2.1  10' cm  " 

25  V 

11  km/s 

5.9  10'  cm  ' 

2.3  10'  cm  " 

Table  1  :  Experimental  densities  obtained  from  classical 
treatment  of  LP  and  RPA  characteristics. 

Interpretation  -  Numerical  simulaions 

The  discrepancy  between  RPA  and  LP  values  fix- 
density  had  to  be  understood.  We  first  eliminated  the 
possible  causes  constituted  by  secondaiy  electrons  and 
photo-electrons.  We  then  examined-the  possibility  that 
it  originated  in  the  slow  CEX  plasma  component.  In 
spite  of  its  lower  velocity,  it  is  collected  on  a  much 
laiger  surfece  —  the  one  of  the  sheath  —  than  the 
drifting  component.  A  first  hint  that  the  experimental 
LP  characteristics  cannot  be  due  only  to  a  drifting 
plasma  is  the  slope  of  its  ionic  branch  :  it  is  much 
larger  than  the  one  given  by  numerical  simulations, 
either  our  (see  below  case  Cl)  or  from  literature  [1]  — 
which  are  in  good  agreement  together. 

'Consequently  we  modelled  this  two-component 
plasma  thanks  to  a  3D  Particle-ln-Cell  code  for  various 
densities  of  drifting  plasma  and  CEX  plasma  at  rest  and 
swept  the  probe  potentiel  form  -10  V  to  0  V  — 
electronic  density  is  given  by  Boltzmann  distribution 
which  is  faster  than  modelling  electron  dynamics  but 
does  not  allow  positive  potentials.  The  densities  of  the 
seven  simulated  cases  are  given  in  table  2  and  the 
corresponding  LP  characteristics  in  Fig  2  (now 
always).  In  a  numerical  simulation,  currents 
from  drifting  ions,  CEX  ions  and  electrons  can  be 
distinguished  and  both  ion  currents  are  given  separately 
in  Fig  3.  This  figure  and  the  potential  and  density 
distributions  around  the  probe  —  not  given  here  — 
make  it  easy  to  understand  that : 
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1-  The  fest  drifting  ions  cannot  easily  be  deflected  by 
the  probe  potential  that  is  lower  than  their  kinetic 
energy,  they  are  not  very  sensitive  to  the  potential:  the 
slope  of  drifting  ion  characteristics  in  Fig  3  is  small. 

2-  On  the  contraiy,  slow  CEX  ions  are  collected  at  the 
surfece  of  the  sheath  of  which  radius  rapidly  increases 
with  probe  potential:  this  yields  larger  slopes  for  CEX 
characteristics  of  Fig.  3. 

3-  As  a  consequence,  one  could  roughly  say  that  the 
slope  of  the  total  current  is  related  to  the  CEX  plasma 
density  whereas  the  linear  interpolation  to  zero 
potential  of  the  characteristics  is  related  to  the  drifting 
plasma  density. 


iCEX  Drift 

1.5  10’ cm  ’ 

2.5  10’  cm  ’ 

5  10’  cm  ’ 

0 

case  Cl 

1.25  10’  cm  ’ 

caseC2 

1.75  10’ cm  ’ 

case  A3 

case  B3 

caseC3 

2.5  10’  cm  ’ 

case  B4 

caseC4 

Table  2  :  Drifting  ion  density  (1“  line)  and  CEX  ion 
density  (1*  column)  of  numerical  simulations 
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Fig  2  :  numerical  simulation  LP  characteristics  (cases 
A3,  B3-B4,  C1-C4  of  table  2)  compared  to  experiment. 
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Fig  3  :  Contribution  from  drifting  and  CEX  plasma  to 
LP  current  in  numerical  simulations  (see  table  2). 


The  point  3  is  still  too  approximate  and  this 
needs  further  analysis.  For  the  time  being,  we  simply 
compare  experimental  results  to  several  simulations  in 
Fig  2.  Clearly,  the  small  voltage  part  of  the 

characteristics  (-2  to  0  Volts)  is  consistent  with  the 
dashed  lines  (B  series,  drifting  density  =  2.5  10*  cm") 
and  not  with  full  lines  (C  series,  drifting  density  =  5 
10’  cm  ’)  or  the  dotted  line  (A  series,  drifting  density  = 
1.5  10’  cm  ’).  The  high  voltage  part  of  the 

characteristics,  or  its  slope,  is  between  B3  and  B4 
simulations.  The  densities  consistent  with  simulations 
are  then  intermediate  between  B3  and  B4  :  about  2. 1 
10’  cm  ’  for  CEX  plasma,  and  2.5  10’  cm  ’  for  drifting 
plasma. 

The  drifting  plasma  density  deduced  from  this 
analysis,  2.5  10’  cm  ’,  is  much  lower  than  the  one 
obtained  from  the  standard  analysis  assuming  no  slow 
plasma  (5.1  10^  cm’\  see  table  1).  Although  not  in 
perfect  agreement,  it  is  much  closer  to  the  value  given 
by  the  RPA,  1.5  lO’  cm'\  Of  course,  the  external  grid 
of  the  RPA  is  grounded  and  so  no  sheath  is  present  to 
collect  more  slow  ions  :  the  ratio  of  speed  makes  then 
the  RPA  almost  insensitive  to  the  slow  plasma 
component  and  1.5  lO’  cm'^  is  only  the  fest  drifting  ion 
density. 

One  could  be  surprised  by  the  high  density  of 
slow  CEX  plasma  in  spite  of  the  relatively  low  neutral 
pressure.  However,  studies  in  similar  conditions  [2] 
gave  high  densities  too.  Moreover,  we  performed  an 
extra  experiment  in  which  we  protected  the  LP  from  the 
direct  drifting  flux  by  a  shield.  It  was  only  exposed  to 
the  slow  plasma,  although  perturbed  by  the  shield’s 
presence  and  wake.  The  result,  about  I.IO’ to  2.10’ 
cm'’,  although  very  approximate,  confirms  the  presence 
of  a  high  density  of  slow  ions. 

As  a  last  remark,  let  us  note  that  we  really  have 
to  perform  a  simulation  to  obtain  the  characteristics  of 
Fig  2.  They  cannot  be  simply  given  by  a  sum  of 
standard  characteristics  in  a  drifting  plasma  on  the  one 
side  and  in  a  plasma  at  rest  on  the  other:  an  increase  of 
drifting  ion  density  results  in  a  lower  Debye  length,  a 
smaller  sheath  and  so  a  lower  collection  of  slow  CEX 
ions.  It  is  very  clear  in  Fig  3  on  the  series  A3-B3-C3  or 
B4-C4  with  fixed  slow  plasma  density,  where  the 
increase  of  drifting  plasma  density  results  in  a  lower 
collection  of  slow  plasma. 

Conclusion 

New  analysis  of  Langmuir  probe  characteristics 
in  a  two-component  plasma  allowed  us  to  obtain  the 
densities  of  both  the  drifting  plasma  and  the  plasma  at 
rest.  This  was  confirmed  by  RPA  results  and 
complementary  LP  measurements.  This  analysis  was 
carried  out  by  direct  comparison  of  experimental  and 
simulated  characteristics  but  direct  treatment  of 
experimental  characteristics  should  be  possible  in  future. 
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1.  Introduction 


one  of  a  doublet  line  of  He  II  to  a  triplet  line  of  He  I. 


The  measurements  of  electron  temperature  (T,)  using 
line  intensity  ratios  of  helium  have  been  proposed  and 
performed  on  the  basis  of  the  LTE  (Lmal  Thermal 
Equilibrium)  model  for  high  electron  density  (n,) 
plasmas  [1],  or  the  CORONA  model  for  low  electron 
density  plasmas  [2]  with  7’,>10  eV.  Recently,  more 
general  treatment  is  proposed  for  plasmas  with  wide 
range  of  density  but  with  r,>20  eV  on  the  basis  of  the 
CR  (Collisional-Radiative)  model  [3].  We  studied 
experimentally  whether  T,  measurements  from  these  line 
intensity  ratios  are  applicable  for  low  n,  (~10”  m'^)  and 
low  T,  (<  10  eV)  plasmas. 

2.  Experimental  Setup 

Figure  1  shows  the  experimental  setup.  The  discharge 
tube  was  a  pyrex  glass  sphere  filled  with  helium  of  133 
Pa.  When  a  13.56  MHz  rf  wave  of  20  W~70  W  was 
applied  with  an  antenna  coil  of  3  turns  wound  around  the 
tube,  the  doughnut-shaped  plasma  was  formed.  Line 
intensities  of  visible  light  from  the  plasma  were 
measured  using  a  monochrometer. 

We  evaluate  five  line  intensity  ratios  appeared  in 
references[l-31 ; 

468.7  nm/587.6  nm  (L)  LTE  [1] 

443.7  nm/4 12.1  nin  (C)  CORONA  [1] 

492.2nm/471.3  nm  (Rl)  CR  [2] 

501.6nm/471.3  nm  (R2)  CR  [2] 

504.8  mn/471.3  mn  (R3)  CR  [2] 

Grotrian  diagrams  including  these  lines  are  shown  in  Fig. 
2.  Four  ratios  (C.  Rl.  R2  and  R3)  are  the  ones  of  singlet 
to  triplet  lines  of  He  I .  while  one  pair  (L)  is  the 
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3.  Experimental  Result 

Two  typical  spectra  at  30W  and  60W  are  given  in  Fig.3 
where  light  intensity  is  normalized  so  that  the  intensity 
of  the  line  of  587.6  nm  takes  the  value  of  0.5.  Smooth 
lines  in  the  figure  indicate  the  sensitivity  of  the 
measuring  system,  including  the  fiansparency  of  the 
glass  tube,  the  characteristics  of  the  monochrometer  and 
the  photo-multiplier.  Shown  are  the  spectra  before 
calibration  using  this  curve.  It  is  clear  that  the  line 
intensity  ratios  are  varied  depending  on  the  rf  power. 

From  C-pair  data,  the  electron  temperature  is  evaluated 
to  be  less  than  10  eV,  which  is  the  lower  limit  of  the 
conversion  curve  based  on  the  CORONA  model  [1].  If 
the  curve  is  extrapolated,  the  electron  temperature  is 
evaluated  to  be  about  2  eV,  which  is  a  reasonable  value 
for  such  a  low-powered  plasma. 

As  for  Rl,  R2  and  R3-pairs,  however,  the  electron 
temperature  is  evaluated  to  be  as  high  as  about  20,  100 
and  50  eV,  respectively.  Here  we  used  the  conversion 


Fig.  1.  Experimental  setup 


Fig.2.  Grotrian  diagrams  of  He  I  and  II. 
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curve  based  on  the  CR  model  for  «,=10'*  m'^  [IJ.  There 
are  two  possible  reasons  for  too  high  T,  results.  In  such 
an  rf  discharge  as  this  experiment,  high-energy  electrons 
can  be  easily  produced.  These  high-energy  electrons 
mainly  determine  the  line  intensity  ratios.  The  other 
reason  is  the  influence  of  the  metastable  state  of  helium. 
In  this  e.xperiment,  the  gas  density  is  2X  10“^  m‘^  (133 
Pa).  This  is  much  higher  than  5  X  lo'®  m'^,  above  which 
the  resonance  absorption  becomes  significant.  In  our 
experiment,  both  contributions  would  give  high  electron 
temperatures. 

In  our  experimental  result,  however,  the  ratio  for  L-pair 
showed  a  monotonous  increase  with  the  rf  power  and 
seems  to  reflect  the  variation  of  T,  though  the  other 
plasmas  parameters,  such  as  n,  may  contribute,  too.  This 
ratio  varies  by  several  orders  of  magnitude  in  the  range  3 
10  eV,  while  the  others  vary  only  by  a  factor. 
Thus  L-pair  seems  still  the  best  one  to  deduce  T,  in  the 
range  less  than  10  eV.  To  this  end,  re-calculation  with 
recent  atomic  data  and  re-consideration  would  be 
required. 


Fig.3.  Spectra  for  30W  and  60W. 
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Fig.4.  Dependence  of  the  line  intensiU'  ratios 
on  the  rf  power. 


XXni  ICPIG  ( Toulouse,  France )  17-22  July  1997 


IV- 134 


AN  ELECTRON  ENERGY  ANALYSER  IN  MAGNETISED  PLASMAS 

V.  Antoni,  M.  Bagatin,  D.  Desideri,  E.  Marlines,  G.  Serianni,  F.  Vallone,  Y.  Yagi* 

Consorzio  RFX 
Padova,  Italy 

Electrotechnical  Laboratory,  Tsukuba,  Japan 


The  electron  energy  distribution  function  (EEDF)  in 
magnetised  plasmas  can  be  measured  using  the 
electrostatic  Electron  Energy  Analyser  (EEA)  [1], 

An  electrostatic  EEA  is  made  up,  in  its  basic  form, 
of  a  front  plate  with  a  pinhole,  aimed  to  stop  the  ions,  a 
repeller  electrode,  used  to  discriminate  the  electron 
energy,  and  a  collector.  The  less  energetic  electrons 
entering  the  probe  through  the  pinhole  are  restrained  by 
the  repeller,  which  is  polarised  negative  with  respect  to 
the  local  plasma  potential,  whereas  the  higher  energy 
component  is  captured  by  the  collector.  Measuring  the 
collector  current  for  different  repeller  voltages  yields  the 
dependence  of  the  electron  flow  on  the  parallel  energy. 

If  f(v//,v_L)  is  the  electron  distribution  function 
averaged  on  the  fast  cyclotron  motion  and  Vrep  is  the 
repeller  potential,  the  collector  current  Igol  is  given  by: 

oo  oo 

^coi  ( Vrep )  =  -eA  J  V//dv/ J  2rtv J^dv W( V// ,  V )f ( v„ ,  V ) 

where  v/zmin  =  (-2Vrep/m)i^2^  m  jg  (he  electron  mass 
and  A  is  the  area  of  the  pinhole.  The  function  W(v//,vjJ 
is  a  transparency  function  which  accounts  for  the 
selection  in  perpendicular  velocities  caused  by  the  radius 
and  thickness  of  the  pinhole. 

An  electrostatic  EEA  has  been  used  to  study  the 
EEDF  in  the  outer  region  of  plasmas  magnetically 
confined  in  the  RFX  reversed  field  pinch  experiment  [2], 
with  particular  emphasis  on  the  detection  of  the  field- 
aligned  superthermal  tail  [3].  The  EEA  equipment  used 
in  RFX  has  been  originally  developed  for  the  TPE- 
1RM20  experiment  [4],  and  is  schematically  shown  in 
fig.l. 

The  EEA  has  been  operated  in  600  kA  discharges 
with  on-axis  densities  in  the  range  2-8- 10^^  m'^  and 
on-axis  electron  temperatures  Tq  =  200-350  eV.  The 
outer  region  plasma  where  the  EEA  was  inserted  has  a 
typical  density  of  5T0*^  m'^  and  typical  temperature 


of20eV[5]. 

The  front  plate  is  a  disk  made  of  molybdenum,  while 
the  repeller  ring  and  the  collector  cup  are  made  of  a 
W/Cu  alloy.  The  front  plate  has  a  2.5  mm  diameter 
channel  with  a  0.1  mm  diameter  pinhole  (0.05  mm 
thick).  Typical  Larmor  radii  of  bulk  electrons  and 
hydrogen  ions  in  the  edge  of  RFX  for  600  kA  discharges 
are  0.07  mm  and  3  mm  respectively  and  the  Debye 
length  is  of  the  order  of  10-20  |im.  The  pinhole  radius 
is  thus  comparable  to  the  Debye  sheath  thickness.  In 
order  to  survive  the  high  energy  fluxes  (100  MW/m^), 
the  equipment  is  protected  by  a  graphite  jacket  3  mm 
thick.  The  diameter  of  the  entrance  hole  in  the  graphite 
is  3  riim.  While  in  TPE-1RM20  the  jacket  was 
electrically  connected  to  the  vacuum  vessel,  on  RFX  it 
has  been  kept  floating,  in  order  to  avoid  large  currents  to 
be  driven  through  the  insertion  system. 

The  transparency  function  W(v//,vx)  has  been 
evaluated  analytically  considering  the  equations  of  the 
orbits  of  electrons  with  random  initial  position.  We 
consider  in  our  model  a  magnetic  field  parallel  to  the 
pinhole  axis,  while  neglecting  the  effects  of  the  induced 
electric  field  due  to  the  charging  of  the  electrodes.  If  the 
thickness  of  the  aperture  is  neglected  the  transparency 
function  turns  out  to  be  equal  to  1,  which  is  not  the 
case  when  the  finite  thickness  of  the  entrance  is  taken 
into  account. 


Fig.2:  Transparency  factor  as  a  function  of  parallel  energy. 

The  value  of  the  transparency  function,  averaged  in 
the  perpendicular  velocity  space  over  a  maxwellian  with 
temperature  lower  than  or  equal  to  100  eV,  is  always 
greater  than  0.75  for  all  electrons  with  parallel  energy 
above  100  eV  (those  typically  collected  by  the  EEA), 
and  shows  a  small  dependence  on  parallel  energy  in  the 
range  100-600  eV,  as  shown  in  fig.2.  For  this  reason  it 
has  been  decided  to  assume  in  the  data  analysis 
W(v//,vj^)  always  equal  to  one,  which  implies  that  the 
collected  current  values  could  be  underestimated  by  25% 
in  the  worst  case. 

The  Laplace  equation  has  been  numerically  solved  to 
calculate  the  potential  profile  inside  the  EEA,  where  no 
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ions  are  present.  The  on-axis  potential  in  the  repeller 
hole  (3  mm  diameter)  is  found  to  be  -95%  of  the 
applied  voltage.  The  collector  is  usually  kept  to  a 
voltage  of  +70  V  (referred  to  the  RFX  vacuum  vessel, 
like  all  the  voltages  reported  in  the  following)  in  order 
to  avoid  the  loss  of  secondary  electrons.  Anyway,  no 
significant  change  in  the  data  has  been  observed  when 
the  collector  has  been  kept  at  the  vessel  potential. 

A  Unea-  power  supply  has  been  developed  in  order  to 
apply  a  variable  voltage  waveform  to  the  repeller  down 
to  -1  kV,  with  a  rise  and  fall  time  of  a  few 
milliseconds.  Since  a  typical  pulse  in  RFX  lasts  1(K) 
ms,  this  has  allowed  to  make  multiple  measurements  of 
the  Icol'Vrep  characteristic  during  a  single  discharge. 

Three  different  configurations  of  the  EEA  have  been 
tested.  In  the  first  one  (A)  the  front  plate  was  electrically 
floating,  in  the  second  one  (B)  it  was  connected  to  the 
vacuum  vessel  through  a  2.3  Q,  50  W  resistor  and  in 
the  third  one  (C)  it  was  in  electrical  contact  with  the 
graphite  jacket.  With  configuration  (A)  the  front  plate 
potential  was  systematically  lower  than  -100  V,  leading 
the  collector  current  signal  to  saturate  for  repeller 
voltages  higher  than  -100  V.  This  made  it  impossible  to 
obtain  the  low  energy  portion  of  the  Icol-Vrep 
characteristic.  In  fact  the  Debye  sheath  thickness  was 
comparable  to  the  pinhole  diameter,  causing  the  front 
plate  to  act  as  an  effective  repeller.  To  overcome  this 
limitation,  configuration  (B)  was  adopted.  With  this 
configuration,  the  front  plate  voltage  was  around  -50  V, 
so  that  the  lower  energy  part  of  the  characteristic  could 
be  explored.  However,  this  configuration  resulted  in 
high  currents  (~  10  A)  flowing  from  the  front  plate  to 
the  vacuum  vessel,  increasing  the  noise  level  on  the 
signals.  A  reduced  noise  level  was  found  with 
configuration  (C),  in  which  the  front  plate  was  at  the 
same  potential  as  the  graphite  jacket.  Such  potential 
was  typically  -50  V,  resulting  from  an  average  of  the 
floating  potential  over  the  whole  jacket.  Results 
obtained  with  configuration  (C)  are  reported  in  the 
following. 

Figure  3  shows  different  typical  potentials  of  the 
electrodes  and  of  the  plasma.  When  considering  the 
effect  of  the  voltages  applied  to  the  various  EEA 
components  on  electrons  entering  the  device,  it  is 
important  to  note  that  they  must  be  referred  to  the 
potential  Vp  of  the  unperturbed  plasma  away  from  the 
diagnostic.  Thus,  for  instance,  the  effective  potential 
barrier  given  by  the  repeller  will  actually  be  Vrep-Vp. 

Generally  speaking,  due  to  the  small  pinhole  radius, 
the  first  potential  barrier  encountered  by  an  incoming 


Fig. 3:  Potentials  encountered  by  incoming  electrons. 


electron  is  that  originated  by  the  front  plate,  Vfp-Vp.  In 
the  case  where  the  front  plate  is  kept  electrically 
floating,  this  potential  difference  will  be  equal  to  the 
Debye  sheath  voltage  drop,  that  is  of  the  order  of  -3Te 
for  a  maxwellian  plasma  with  local  electron  temperature 
Te-  Indeed,  the  experimental  Icol'Vrep  characteristics 
show  a  saturation  for  repeller  voltages  higher  than  Vfp, 
confirming  the  presence  of  this  potential  barrier.  The 
consequence  of  this  effect  is  that  with  a  floating  front 
plate  only  repeller  voltages  lower  than  Vfp  are  useful  for 
deducing  the  properties  of  the  electron  distribution 
function,  so  that  only  the  portion  of  distribution 
function  with  energies  higher  than  3Te  can  be  explored. 
In  the  presence  of  a  superthermal  tail  the  sheath 
potential  drop  rises,  depending  on  the  relevance  of  the 
tail  with  respect  to  the  bulk  of  the  distribution  function 
having  temperature  Tg. 

In  order  to  detect  the  superthermal  tail  on  RFX,  the 
repeller  voltage  V^ep  has  been  linearly  swept  in  10-20 
ms  from  0  to  -600  V  (below  this  value  the  signal  to 
noise  ratio  was  too  small),  several  times  per  discharge. 
Figure  4  shows  an  example  of  the  resulting  Igol  -Vfep 
characteristic,  fitted  with  a  half-maxwellian  model  for 
the  superthermal  tail,  indicating  in  this  case  that  such 
tail  has  a  temperature  of  the  order  of  100  eV. 


rep 


Fig.4:  Typical  Icoi-Vrep  characteristic. 

The  extensive  use  of  the  EEA  has  allowed  to  detect 
and  characterise  the  field-aligned  unidirectional 
superthermal  electron  flow  in  the  outer  region  of  RFX. 
The  diagnostic  has  proven  to  be  very  resistant  to  the 
interaction  with  the  plasma,  and  no  sign  of  perturbation 
have  been  observed  over  the  discharge. 
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Introduction 

The  last  several  years  scanning  CARS  - 
spectroscopy  (coherent  anti  -  Stokes  Raman 
scattering  spectroscopy)  is  widely  used  for  many  of 
the  investigative  and  of  the  practical  tasks  of  the  gas 
thermometry  in  discharges.  One  of  essential  lack  of 
this  method  is  rather  long  time  of  spectrum  record. 
In  our  paper  there  is  suggested  and  applied  for 
research  of  discharges  alternating  method  two  - 
wavelength  coherent  anti-Stokes  Raman  scattering 
spectroscopy  (2X-CARS-spectroscopy).  It  combines 
the  high  sensitivity  of  scanning  CARS  -  method  and 
high  speed  of  spectrum  record.  In  the  present  work 
these  methods  are  used  for  the  determination  of  the 
gas  temperature  Tg,  vibrational  and  rotational 
excited  molecules  populations  of  N2  in  the  ground 
state  (VP)  in  a  positive  column  of  glow  discharge  in 
the  molecular  nitrogen  and  in  the  air. 

Experiment 

The  discharge  was  realized  in  quartz  tube  (1)  (see 
Fig.l).  It  was  characterized  by  following  parameters: 
the  distance  between  platinum  electrodes  was  58  cm; 
the  tube  radius  was  1.8  cm;  the  discharge  current 
was  varied  from  30  to  50  mA.  The  measurements 
were  carried  out  in  Nj  at  3.5,  7,0,  9.5  Torr  and  in  the 
air  at  20  Torr.  The  tube  had  a  water  and  liquid 
nitrogen  cooling  loops.  The  reduced  electric  field  (E  - 
is  average  electric  field  strength  in  the  positive 
column,  and  N  is  the  molecule  concentration  at  the 
discharge  axis,  defined  with  due  regard  for  the  drop 
of  density  as  result  of  heating)  varied  from  40  to  80 
Td. 

The  following  methods  were  used  for  direct 
measurements  of  the  degree  of  the  vibrational  - 
translational  nonequilibrium  in  a  discharge:  the 
scanning  version  of  CARS  spectroscopy;  and  the 
two-wave  version  of  CARS.  The  scanning  CARS 
spectrometer  has  been  described  in  detail  in  [1]. 

In  the  two-wave  version  of  CARS,  a  2A,-CARS 
spectrometer  was  used,  whose  scheme  is  shown  in 
Fig.l.  Its  laser  system  consists  of  a  single-mode 
YAG:Nd  laser  (2)  with  frequency  doubling  and  a  dye 
laser  (3)  generating  the  two-wavelength  radiation. 
For  this  purpose,  the  resonator  scheme  was  used 
with  a  common  diffraction  grating  (4)  and  two 
“plug”  mirrors  (5)  tuned  separately.  The  master 
oscillators  work  in  the  pulse-periodic  mode  with  the 
repetition  frequency  of  10  Hz  and  generated  pulse 
duration  of  25  ns.  In  the  course  of  the  experiment. 


the  intensities  of  nonoverlapping  Q  -  lines  were 
measured  that  correspond  to  two  vibrational  - 
rotational  transitions  v,J==6->v+l,J=6,  and 
v,J=16— >v+l,J=16  (v  and  J  are  the  vibrational  and 
rotational  quantum  numbers).  To  normalize  the 
radiation  intensities  of  the  CARS  signals  obtained 
simultaneously  in  two  different  transitions  of  the  Q- 
branch,  a  reference  channel  was  used  in 
experiments.  The  CARS  signals,  corresponding  to 
the  two  above  mentioned  transitions  and  obtained  in 
the  investigated  (1)  and  reference  (6)  channels,  were 
filtered  by  the  monochromator  (7)  and  registered  by 
the  optical  multi-channel  analyzer  (OMA-III)  (8), 
Procedures  of  data  acquisition  and  processing  (9) 
were  automated  on  the  basis  of  an  IBM  PC  (10)  and 
were  described  in  more  detail  in  [2]. 


Theory 


The  numerical  model  is  in  detail  described  in 
[3,4].  The  rate  constants  for  excitation  and 
deexcitation  of  first  ten  vibrational  levels  (v=l-10)  by 
electron  impact  were  calculated  by  averaging  of 
corresponding  cross  sections  using  electron  energy 
distribution  function  (EEDF)  which  was  received  by 
numerical  solving  of  Boltzmann  equation.  The 
Boltzmann  equation  was  completed  by  collision 
integrals  taking  account  the  superelastic  electron- 
molecule  collisions  for  vibrational  levels  v=l-10. 
Populations  of  the  first  five  vibrational  levels  of  N2  in 
the  ground  electron  state  were  determined  from 
measured  CARS  spectra.  However  information 
about  populations  of  vibrational  levels  v>4  is  also 
necessary  for  correct  calculation  EEDF.  The 
approximation  of  VP  by  the  Boltzmann  or  Treanor 
distribution  may  result  in  considerable  errors. 
Therefore  calculations  were  carried  out  of  the  VP  in 
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glow  discharge  under  conditions  of  our 
measurements  and  the  experiment  [5]. 

Results  ard  discussion 

Fig.2  (a)  shows  the  histogram  of  values  of  the 
rotational  temperature  resulted  from  170  of  impulses 
N  for  the  room  temperature  at  pressure  20  Torr. 


Fig.2 


One  can  show  (see  Fig.2  a),  that  the  data  are 
grouped  around  on  the  most  of  possible  value  which 
is  equal  to  289  K.  On  the  base  of  experiments  the  air 
temperature  measurements  for  standard  conditions 
in  the  probe  volume  and  also  in  the  discharge  which 
was  cooled  of  liquid  nitrogen  for  it  stability,  we  were 
determined  the  standard  deviation  of  measurement 
ct(%)  versus  number  of  N  (see  Fig.2  b).  Using  results 
above  considered  analysis  the  rotational  temperature 
in  the  discharge  was  measured  for  1  s.  The  average 
temperature  was  equal  to  525  K  with  the  standard 
deviation  of  26  K.  Notice  that  achieved  accuracy  5  % 
at  averaging  of  10-15  impulses  at  repetition  rate  10 
Hz  requires  1-1.5  s  for  the  temperature  measurement 
as  for  version  of  scanning  CARS  for  measurement 
with  analogy  of  accuracy  it  has  5  minutes  and  3000 
impulses  respectively. 

In  the  Table  there  are  compared  the  results  of 
measurements  Tg  and  Tv  ,  carried  out  in  the  present 
work.  Also  there  are  presented  the  Tv  values  received 
from  the  VP,  which  were  calculated  on  the  basis  of 
master  equations  for  nitrogen  glow  discharge  using 
the  above  mentioned  experimental  parameters. 


Table 


1  Experimental  data 

Calc 

E/N 

Td 

scanning  CARS 

2X  CARS 

Tv 

K 

Tg,K 

Tv,K 

Tg,K 

■EHSi 

80 

480±35 

4470±350 

460±25 

4450+220 

4415 

45 

530+35 

4940±360 

510±25 

49201245 

4750 

60 

600±40 

4770±370 

580+30 

4750+240 

From  the  Table  it  is  evident  that  the  values  Tg  and 
Tv,  measured  by  two  above  mentioned  CARS- 
methods  are  in  good  agreement  among  themselves 
and  so  they  are  with  the  values  predicted  by  theory. 
We  can  conclude  that  the  suggested  in  [2]  the  2A.- 
CARS  -  spectroscopy  method  permit  us  to  measure 
parameters  of  glow  discharge  plasma  with  good 
accuracy.  The  essential  advantage  of  this  method  is 
the  spectrum  record  time  reduction  about  of  two 
order  of  magnitude. 

Fig.3  illustrates  a  good  agreement  between 
calculated  and  measured  by  probe  method  [5]  EEDF 
at  E/N=70  Td. 


Fig.3 

Note  that  it  is  only  the  inclusion  of  the  superelastic 
collisions  of  electrons  with  vibrationally  excited 
molecules,  as  well  as  of  the  decrease  of  the 
population  with  level  v=0,  that  makes  it  possible  to 
reach  a  consistent  description  of  the  electron 
component  and  vibrational  kinetics. 

Thus  the  performed  analysis  of  possibilities  of 
scheme  2A,-CARS  shows  that  such  approach  let 
essentially  to  decrease  the  time  registration  of 
temperature  and  to  be  perspective  for  research  of 
the  rapid  processes  and  also  of  the  impulse 
discharges. 
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1.  Only  the  probe  methods  permit  to  determine  a 
plasma  potential  -  a  parameter  which  is  very  essential  for 
the  investigation  of  near-electrode  phenomena  in  gas 
discharges.  This  is  the  most  important  stimulus  to 
expand  the  field  of  application  of  probe  diagnostics.  The 
probe  meas!  rements  were  applied  to  strongly  ionized 
high  pressure  plasma  for  a  long  time  (e  g.  see  [1,2]).  But 
the  procedure  of  such  measurements  is  not  enough 
elaborated  up  to  now. 

The  purpose  of  the  present  investigation  is  the 
elaboration  of  the  methods  of  probe  diagnostics  of 
strongly  ionized  plasma  at  atmospheric  pressure.  The 
spectroscopic  measurements  were  used  as  a  control 
method.  The  experiments  were  performed  in  a  free 
burning  argon  arc  which  is  of  common  use  for  a  plasma 
production  in  a  lot  of  applications.  Tlie  results  of  probe 
characteristics  calculation  for  xenon  plasma  are 
described  in  [3].  In  the  present  paper  the  theory 
developed  in  [3]  is  applied  to  calculation  of  probe 
characteristics  in  Ar  plasma. 

2..  An  arc  was  vertically  oriented.  A  tungsten  stick 
cathode  of  diameter  D=2  mm  with  a  semispherical  tip 
was  disposed  at  a  bottom  of  the  arc,  A  flat  copper  water- 
cooled  anode  was  disposed  at  a  top  of  the  arc  and  at  12 
mm  distance  from  the  cathode.  A  thermionic  emission 
of  the  cathode  was  supplied  by  the  cathode  self-heating 
by  a  duty  arc  current  =  (50-70)  A.  A  pulse  generator 
of  single  rectangular  pulses  (I^  1000  A)  with  a  duration 
up  to  5  ms  was  coimected  in  parallel.  A  pulse  front 
depended  upon  the  transient  arc  processes  and  was 
about  1  ms  long.  The  measurements  were  carried  out  in 
a  quasistationary  mode  of  operation,  i.e.  in  3  -4  ms  after 
the  beginning  of  a  pulse  discharge.  A  flying  spherical 
probe  of  d  s  2a  =  0.5  mm  in  diameter  rmoved  at  a 
velocity  ^  1  m's  across  the  arc  core  zone.  The  probe 
position  uncertainty  was  estimated  to  be  less  tlian  0.3 
mm.  Time  dependences  of  floating  probe  potential  Vf 
and  ion  current  I,  were  measured,  I,  beiirg  measured  at 
negative  probe  potential  (5  -  15)  V  with  respect  to  V,-. 
For  each  operation  mode  the  measurements  were 
performed  m  sets  of  8  -  10  oscillograms.  Then  the  results 
were  averaged.  To  record  an  arc  emission  spectrum  the 
monochromator  was  jointed  to  tire  multichannel  optical 
analy'zer.  An  enter  slit  width  of  the  monocliromator  was 
0.15  mm  to  pro\ide  an  adequate  record  of  intensity 
across  the  emission  spectium.  During  a  single  exposure 
the  spectral  range  of  25  nm  w'as  recorded. 

In  a  plane  of  an  enter  slit  of  the  monoclLroniator  tlie 
reduced  horizontally  oriented  arc  image  was  fomied 


which  was  scaimed  across  the  slit.  On  the  discharge  axis 
the  spatial  resolution  was  ^  0.3  mm.  The  exposure  was 
varied  in  a  range  (0.2  -  0.5)  ms. 

3.  Previously  a  probe  operation  in  a  dense  collisional 
plasma  was  analyzed  theoretically  at  various  degrees  of 
ionization  but  mainly  for  comparatively  low  plasma 
pressures  when  collisions  between  electrons  and  heavy 
particles  did  not  affect  an  electron  temperature  Tj  in  a 
near-probe  layer.  In  the  present  investigation  the 
calculations  are  performed  for  the  other  case  when  a 
common  temperature  T  of  electrons  and  heavy  particies 
is  established  due  to  frequent  collisions  between  them  in 
a  near-probe  layer.  The  temperature  T  is  not  equal  to  the 
temperature  Too-  of  undisturbed  plasma.  This  case  is 
typical  for  high  pressure  plasma. 

The  calculations  were  performed  for  a  spherical  probe 
with  radius  a  =  0.25  mm  which  was  inserted  in  argon 
plasma  at  atmospheric  pressure.  The  meflrod  of 
calculation  was  described  before  [3],  The  near-probe 
layer  was  divided  to  several  layers  according  to  effects 
dominating  in  each  layer  [4,5].  The  following  hierarchy 
of  characteristic  lengths  is  supposed  to  be  fulfilled  : 
Lo«  !,<<  U'^«L7  «  a,  where  L,  is  Langmuir  sheath 
dimension,  1,  is  an  ion  free  path,  is  Ar"^  recombination 
length  and  Lj  is  a  temperature  relaxation  length  [4,5]. 
We  consider  the  case  in  which  the  plasma  is  fully 
ionized  at  the  distance,  where  r  >  L,7  According  to  these 
unequalities  it  is  possible  to  separate  the  phenomena  in 
each  of  the  above  mentioned  regions  and  to  consider 
the  inner  layers,  w'here  r  <  Lx,  as  planar  ones.  This 
hierarchy  of  the  main  physical  layers  takes  place  only  at 
sufficiently  high  T„.  It  may  be  shown  that  undisturbed 
plasma  consists  only  of  electrons  and  double  charged 
ions  Ar"^  at  this  temperature.  The  temperature  range  in 
which  a  transition  occurs  from  Ar^  to  Ar'^  corresponds 
to  tire  distance  that  is  significantly  greater  than  Ar'^ 
recombination  length.  Therefore  the  local 
T  ,  eV 
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thermodynamical  equilibrium  (LIE)  exists  in  aU  the 
regions  where  r  s  1^"^.  The  LTE  condition  was  used  in 
the  determination  of  plasma  composition.  Some  results 
of  calculations  are  shown  in  Fig.  1  where  floating  probe 
potential  V,- is  plotted  versus  Ta,  and  electron  component 
jt  of  a  probe  current  density  -  versus  probe  potential  Vp 
at  a  set  of  values  (listed  in  Fig,  1),  ’’ 

4.  It  was  necessary-  to  cany'^  out  the  probe 
measurements  at  high  enough  plasma  temperatures 
^  2  eV)  to  compare  the  experimental  and  theoretical 
data.  Such  temperature  can  be  obtained  in  the  near¬ 
cathode  region  of  free  burning  atmospheric  arc. 
According  to  the  previous  experimental  results  [ti]  the 
typical  size  of  region,  where  T  >  2  eV,  is  of  the  order  of 
2  mm  at  1  >  250  A.  While  the  arc  current  increases  this 
size  grows.  So  the  measurements  were  performed  at 
I  s  250  A  and  at  the  distance  <  1  mm  from  cathode 
surface.  According  to  the  theory  [3]  the  disturbances  of 
plasma  parameters  by  a  probe  relax  at  the  distance  ~ 
0.1  mm.  Because  Lx  and  probe  radius  ‘a’  are 
significantly  less  than  z,  the  probe  measurements  may 
be  used  for  determination  of  plasma  parameters  in  the 
case  investigated.  Also  it  is  essential  for  a  validity  of 
probe  diagnostics  that  near  the  cathode,  at  z  <  D,  a 
stagnation  zone  exists  and  a  cathode  plasma  jet’  is 
formed  at  the  distance  z  D  from  the  cathode. 
Therefore  the  probe  measurements  are  correct  and  the 
results  of  the  rmeasurements  may  be  compared  witli  the 
theoretical  those  which  are  obtained  for  the  plasma  at 
rest. 

The  dependence  of  current  Ip  of  the  moving  probe 
upon  time  has  a  flat  maximum  corresponding  to  a  probe 
position  near  the  axis  of  an  arc  plasma  polumn.  The 
maximum  current  value  at  the  oscillogram  was 
considered  as  the  probe  current  on  the  arc  axis.  Then  the 
ion  probe  current  I,  was  determined  at  various  negative 
potentials  with  respect  to  the  floating  potential  Vf.  A 
distinct  ion  current  saturation  was  observ'ed.The  plasma 
temperature  Tn,  was  also  measured  by^  the  spectral  line 
relative  intensities  technique  at  the  distance  z^  from  the 
cathode  surface.  Spectral  lines  of  Arlll  with  known 
transition  probabilities  were  used  for  T^  determination  in 
the  near-cathode  layer.  The  dependence  of  ion 
saturation  probe  current  density  j^<;  upon  T^^  obtained  by 
this  technique  is  shown  in  Fig,  2. 
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5.  According  to  the  theoretical  results  which  are  shown 
in  Fig.l  the  dependence  of  a  logarithm  of  a  probe 
current  density  jj  upon  the  probe  voltage  Vp  is 
essentially  non-linear  in  a  strongly  ionized  argon  plasma 
at  atmospheric  pressure,  A  similar  result  was  obtained  in 
xenon  plasma  [3],  Tlus  is  a  consequence  of  a  diminution 
of  the  electron  temperature  near  the  probe  surface, 
which  occurs  simultaneously  with  a  growth  of  j..  This 
effect  was  investigated  experimentally  and  theoretically 
in  [7]  in  strongly  ionized  plasma  of  considerably  low 
pressure. 

A  strong  distortion  of  a  transient  branch  of  probe 
characteristics  in  a  strongly  ionized  plasma  of 
atmospheric  pressure  as  well  as  a  diminution  of  ion 
probe  current  as  compared  with  the  saturation  ion 
current  at  jj  does  not  allow  to  use  the  measured 
voltage-current  (VC)  probe  characteristics  for  the  direct 
determination  of  je  by  means  of  the  extrapolation  of  j^. 
Therefore  the  transient  branch  of  VC  probe 
characteristics  is  not  suitable  for  diagnostic  purposes. 
But  the  plasma  temperature  T„  can  be  measured  by 
means  of  the  measurement.  According  to  the 
calculations,  j,s  is  a  sufficiently  strong  function  of  T„  and 
depends  slightly  on  the  probe  temperature  Tp  (see  dotted 
curves  for  two  Tp  values  in  Fig.2).  This  weak 
dependence  is  essential  for  diagnostics  because  Tp  varies 
in  some  unknown  manner  during  the  measurement. 

In  Fig.2  one  can  see  a  good  agreement  between  the 
theoretical  and  experimental  data.  An  uncertainty  of  Tp 
does  not  affect  essentially  the  accuracy  of  T„ 
determination,  this  accuracy  being  better  than  10  %  as 
estimated.  So  it  may  be  concluded  that  the  theory  [3] 
describes  correctly  the  processes  in  near-probe  layer  and 
VC  probe  characteristics.  The  experimental  confirmation 
of  the  developed  theoretical  model  proves  the  possibility 
of  the  correct  determination  of  plasma  potential  by  a 
probe  method  in  a  strongly  ionized  high  pressure 
plasma. 

The  research  described  in  this  publication  was  made 
possible  in  part  by  Grants  N“  R5D000  and  R5D300  from 
the  International  Science  Foundation. 
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IJntroduction 

Division  plasma  confined  in  a  multipolar- 
magnetic  system  is  one  of  the  most  uniform  and  low 
fluctuation  level  plasmas.  The  plasma  is  generated  by  the 
so-called  primary  electrons,  which  are  emitted  by  a 
thermionic  filament,  and  energized  by  the  negative  bias  in 
respect  with  the  wall.  The  presence  of  multipolar  magnets 
results  in  a  localization  of  ionization  at  the  plasma 
periphery  due  to  the  primary  electrons  trapping  in  a  cusp 
magnetic  configuration. 

Measurements  with  electric  probes  have  shown 
that  the  electron  distribution  function  (EDF)  is  not  always 
Maxwellian,  and  is  mostly  approximated  to  a  bi- 
Maxwellian  one  [1].  Using  a  more  sensitive  method  to 
obtain  the  two  electron  group  parameters  [2,3],  three 
electron  groups  were  separated  in  a  recent  work  for  the 
well  understanding  of  magnetic-confined  plasma  properties 
[4],  a  primary  electron  group  and  two  Maxwellian  ones. 
The  anisotropy  due  to  the  primary  is  too  strong  to  be 
neglected,  and  results  in  modification  of  plasma 
parameters  especially  in  the  vicinity  of  the  filament.  The 
probe  geometry  may  integrate  the  anisotropy  induced  by 
the  primary  electrons,  eventually  loosing  some  information 
related  to  the  electrons. 

In  the  present  work,  the  anisotropy  induced  by 
primary  electrons  and  their  influences  to  the  magnetic- 
confined  plasma  are  investigated  with  a  spherical  and 
planar  probe  in  the  vicinity  of  the  filament. 

2.Experimental  setup  and  processing  of  probe 
characteristics 

Experiments  were  performed  in  a  multipolar 
magnetic-confined  cylindrical  chamber  with  26  cm  in 
diameter  and  46  cm  in  length.  Plasmas  with  its  density 
about  10‘^-10**  m'^  were  produced  by  a  DC  discharge 
between  the  chamber  wall  and  a  spirally  wound  filament 
with  10  mm  in  diameter  made  of  a  tungsten  wire  with 
0=0.2  mm.  The  discharge  current  Id  and  its  voltage  Uac 
were  typically  150  mA  and  -50  V,  respectively.  Ar  gas,  of 
which  pressure  was  ranged  from  10'^  to  10"^  Torr,  was 


used.  In  order  to  keep  the  plasma  axially  symmetrical, 
the  filament  was  instiled  at  a  position  of  40  mm  from 
one  of  the  cylindrical  chamber  ends,  where  the 
magnetic  field  due  to  the  magnets  was  neglected.  A 
planar  probe  with  2.5  mm  in  diameter  and  a  spherical 
one  with  1.2  mm  in  diameter  were  movable  to  the  axial 
and  radial  directions. 

A  -60  V  +  -HlO  V  ramp  bias  voltage  was 
applied  to  the  probe.  Detected  probe  current,  after 
averaged  700  times,  was  amplified  and  converted  into 
digital  data  with  12  bit  resolution.  A  numerical 
program  to  obtain  the  bi-Maxwellian  parameters  [2,3], 
primaries  [5]  and  ion  density  [6]  was  used. 

3.ExperimentaI  results  and  discussions 

Radial  profiles  of  Up  at  p=5xl0'^  Torr  and  different 
distances  d,  obtained  by  planar  and  spherical  probe  are 
presented  in  Fig.  1.  The  presence  of  primary  electrons 
result  in  strong  anisotropy  even  at  d=100  mm,  for  the 


rfmri) 


Fig.  1  Radial  profiles  of  primary  electron  density,  at  p=5xl0^  Torr, 
by  the  planar  ( _ )  and  spherical  ( _ )  probes. 

planar  probe  measurement,  but  not  for  the  spherical 
probe  one  by  an  integrating  effect  over  the  surface.  In 
Fig.  2  is  presented  the  radial  profile  of  the  probe 
current’s  second  derivative  le”,  at  d=60  mm,  by  planar 
probe,  where  the  ion  and  primary  electrons 
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contributions  wa'C  subtracted.  The  primary  electrons 
influence  causes  a  double-hump  structure  of  the  I*” 
profiles.  The  influence  de  creases  with  d  and  p  increasing. 


Rg.  2  Radial  profiles  of  U",  at  p=5xl0‘*  Ton,  and  d=60  mm,  by  the 
planar  probe 


Rg.  3  Radial  profiles  of  electron  ( _ )  and  ion  ( _ )  densities  ,  at 

p=5xl0'^  Torr,  by  the  planar  probe 


Rg.  4  Radial  profiles  of  plasma  potential,  at  p=5xl0''  Torr,  by  the  planar 
( _ and  spherical  ( _ )  probes. 


while  can  not  be  detected  by  the  spherical  probe.  The 
electron  density  (by  integration  of  EDF)  and  ion 
density  (by  using  the  OML  iii  the  ionic  saturation  part 
[6])  radial  profiles,  at  p=5xl0'^  Torr,  by  the  planar 
probe,  are  presented  in  Fig.  3.  The  primaries  influence 
result  in  decreasing  of  plasma  electron  density  and 
increasing  of  ion  density  in  the  filament  vicinity.  Such 
an  electron  kinetics  explain  the  appearance  of  positive 
space  charge  in  the  vicinity  of  filament,  which  can  be 
understood  firom  the  result  of  Fig.  4,  where  the  radial 
profiles  of  plasma  potential,  by  the  planar  and  spherical 
probes,  are  presented. 

4.ConcIiisioiis 

The  anisotropy  due  to  the  primary  electrons 
induce  modification  of  plasma  parameters  in  the 
filament  vicinity  and  then  a  space  charge  appears  there. 
The  primary  electrons  influence  cannot  be  detected  by 
the  hon-directive  probes,  its  producing  ambiguity  in 
estimation  of  another  parameters,  like  floating  potential 
and  hot  electron  group  temperature.  The  filament 
position  and  its  shape  have  to  by  take  in  account  for  the 
anisotropy. 
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1.  Introduction 

The  nitrogen  is  often  used  for  chemical 
applications  involving  plasmas.  The  energy  carried 
both  by  the  ground  state  molecules  and  the  atomic 
species  can  be  used  both  in  the  early  afterglow  and  in 
the  far  remote  afterglow  either  for  siuface  treatment  or 
thin  films  deposition  [1],  Under  microwave  discharges 
conditions,  the  vibrational  and  the  rotational  energies 
stocked  by  the  N2(X  molecule  is  known  to  be  quite 
large  [2]  especially  at  moderate  and  hight  reduced 
electric  field  (E/N)  values. 

In  a  previous  paper  [3],  we  presented  first 
results  concerning  a  Raman  Stokes  Scattering  study  of 
the  first  vibrational  levels  of  the  groimd  state  molecules 
(v=0-5)  for  pressures  down  to  1  hPa.  This  analysis  tool 
provides  the  possibility  to  determine  the  relative 
population  of  each  level  and  so  the  Treanor  temperature 
(0i)  [4].  We  present  here  results  obtained  firom  the  early 
afterglow  to  the  far  remote  afterglow.  The  former  is  the 
siege  of  the  well  known  Short  Lived  Afterglow  [5], 
where  a  second  ionization  of  the  gas  occurs  without 
fiulher  electric  field  application. 

The  strong  deviation  from  the  Boltzmaim 
equilibrium  observed  in  the  case  of  Na  under  plasma 
conditions  has  been  already  described  on  the  basis  of 
the  work  of  Treanor  [4].  This  author  describes  the  near 
resonant  Vibration-Vibration  (V-V)  energy  exchanges. 
The  main  feature  of  the  model  is  that  there  is  a  strong 
interdependence  of  0]  and  the  kinetic  gas  temperature 
(Tg).  The  V-V  processes  are  particularly  favored  when 
01  is  larger  than  Tg  and  lead  to  an  overpopulation  of  the 
medium  levels.  To  make  a  more  complete  description 
of  the  Vibrational  Distribution  Function  of  N2  (VDF), 
Gordiets  [6]  has  developed  an  additional  analytical 
expression  to  account  for  the  effect  of  Vibration- 
Translation  (V-T)  exchanges  occurring  essentially  on 
the  population  of  the  highly  excited  levels.  On  the 
contrary,  the  V-T  exchanges  leading  to  a  relaxation  of 
the  highly  excited  levels  are  enhanced  when  Tg 
increases  rvith  regard  to  0i.  A  modified  Gordiets  model 
[5]  is  used  jointly  with  our  experimental  data  to 
evaluate  the  amount  of  energy  transported  by  the 
N2(X  'ig^  molecule  and  the  results  are  discussed. 


2.  Experiment 

The  N2  plasma  is  ignited  in  a  Pyrex  discharge 
tube  (inside  diameter  ;  38  mm)  by  a  coaxial  resonant 
cavity  at  2450  MHz.  The  microwave  power  absorbed  by 
the  plastna  is  equal  to  300  W.  The  nitrogen  (Air 
Liquide'|<U»  grade)  pressure  is  set  at  a  value  of  3.3  hPa 
with  a  ^flowrate  equal  to  1.46  sipm.  The  Raman 
scattering  signal  collected  via  two  conjugated  lenses  is 
recorded  owing  to  a  home  made  spectrometer  equipped 
with  a  gated  intensified  CCD  detector  synchroni^ 
with  laser  pulses.  The  acquisition  procedure  requires 
3or  4  averaged  records  with  duration  equal  to  4  min 
with  regard  to  the  ration  signal  to  noise.  The  relevant 
experimental  setup  is  described  more  extensively  in  the 
reference  [3]. 

The  kinetic  gas  temperature  is  evaluated  by 
optical  emission  spectroscopy  with  help  of  a  HR460  JY 
monochromator  equipped  with  a  liquid  N2  cooled  CCD 
detector.  The  transition  used  is  the  ionic  N2^  (B^E'^u 
v-0,l-^X^E^g  v'-0,l)  Av  =  0  sequence.  A  0.5  A 
bandwidth  allows  to  resolve  the  rotational  structure  of 
this  first  negative  system  (I")  transition.  Comparison 
with  computed  spectra  with  the  relevant  bandwidth 
finally  gives  the  rotational  temperature  with  an 
accuracy  of  about  50  K.  The  kinetic  temperature  and 
the  latter  one  are  close  to  each  other  under  our 
experimental  collisional  conditions. 

3.  Results  and  discussion 

ifThe  Raman  scattering  data  after  calculation  of 
0]  are  shown  on  the  figure  1.  The  abscissa  scale  (L) 
describes  the  axis  tube  from  the  gap  center  (L=0)  to  the 
far  remote  region.  It  appears  that  the  0i  values  in  the  L 
range  of  measurement  are  still  decreasing  from  about 
4300  K  to  2600  K.  The  calculation  is  achieved  with  a 
typical  standard  deviation  of  300  K.  The  monotonous 
decrease  of  0]  suggests  us  to  fit  the  data  by  an 
exponential  law.  More  data  are  nevertheless  needed  to 
confirm  this  tendency.  With  this  assumption  the  law 
has  been  extended  up  to  L  =  0  giving  hence  a 
maximum  estimation  of  0i  in  the  discharge  (4700  K). 
The  01  value  in  the  short  lived  afterglow  is  close  to 
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Fig.  1  :  Profile  of  6i  and  of  the  signal  amplitude  of  the 
(0,0)  head  band  of  the  T  emission  system. 

4000  K  around  the  maximum  of  amplitude  emissions 
of  the  r  system.  We  hence  notice  that  this  value  is 
much  less  than  the  vibrational  temperature  deduced 
from  the  emissions  of  the  transitions  N2(B^ng  -► 
A^E^u)  for  the  levels  v'<9  (~  9500  K  )  and  than  the 
Treanor  vibrational  temperature  of  N2^  (B^E^u)  deduced 
firom  the  emissions  of  the  transitions  N2^(B^E^u  -> 
X^E^g)  (-10000  K  )  measured  at  the  same  position. 
Furthermore  the  constant  decrease  of  0i  is  in  contrast 
with  the  corresponding  ionic  emission  intensity 
variation. 

The  figure  2  presents  the  profile  of  the  gas 
temperature  Tg  for  a  smaller  L  range  than  in  fig.  1.  The 
result  is  similar  to  previous  data  obtained  at  433  MHz 
under  the  same  experimental  conditions  [5].  The  two 


Fig.  2  ;  Profile  of  the  kinetic  temperature  and  of  the 
signal  amplitude  of  the  (0,0)  head  band  of  the  1' 
emission  system. 

profiles  of  01  and  Tg  allow  to  calculate  the  vibrational 
distribution  fimction  of  N2(X  'Eg^  by  the  modified 
Gordiets  model  and  so  to  follow  its  evolution  along  the 
axis.  The  total  vibrational  energy  is  calculated  by  the 
expression: 

E.=EtN,(X‘X;).]e.  (1) 

v=l 

where  [  ]  denotes  the  volumic  concentration  of  the 
species,  v**  is  the  v  value  beyond  which  the  population 


Fig.  3  :  Profile  of  the  calculated  total  vibrational  energy 
Ev  and  of  the  signal  amplitude  of  the  (0,0)  head  band  of 
the  r  emission  system. 

is  negligible  and  By  is  the  energy  of  the  level 
considered.  The  result  can  be  seen  on  fig.3.  The 
calculation  assumes  that  the  pressure  is  almost  constant 
along  the  studied  region.  The  Ev  value  starts  from  about 
0.6  mJ  in  the  gap  region  and  rises  when  living  the 
discharge.  A  flat  maximum  (0.95  mJ)  is  observed  in 
coincidence  with  the  maximiun  of  amplitude  of  the  1' 
emissions.  This  result  is  remarkable  because  both  data 
are  obtained  independently.  The  decrease  of  Ev 
following  this  maximum  is  moderate  and  let  the  place 
to  a  fiuther  increase.  Despite  an  decrease  of  0],  the 
vibrational  energy  increases  when  the  gas  leaves  the 
discharge.  The  increase  of  about  58  %  of  Ev  needs  to  be 
faced  with  the  55  %  increase  of  [NaCX'Eg^].  A 
conclusion  is  that  Ev  is  controlled  by  the  drop  of  Tg  and 
its  effect  on  [N2(X'Eg^].  The  maximum  of  Ev 
corresponds  to  the  area  where  the  drop  of  Tg  and  so  the 
increase  of  [N2(X'Eg'^]  are  stopped.  The  ratio  of  0i  to 
Tg  therefore  favors  fhe  V-T  relaxation.  The  Tg  drop  is 
strongly  slowed  by  the  heat  release  induced  by 
ionization.  The  slight  rise  of  Ev  b^ond  L=45cm  is  a 
calculation  artefact  of  this  simplified  model  which 
takes  only  into  account  the  V-V  and  V-T  exchanges  but 
not  the  wall  deactivation  occmring  when  0]  and  Tg  are 
low.  An  improved  model  should  involve  the  density 
effect  on  kinetic  rates  and  also  the  collisions  with 
electrons  and  electronic  states . 
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We  demonstrated  the  production  of  OH  free  radicals  in  an  argon  magnetized  sheet  plasma  crossed  with 
vertical  gas-flow  mixed  with  an  oxygen  gas  O2  and  a  hydrogen  gas  H2.  The  density  of  the  OH  free 
radicals  were  measured  by  a  laser-induced  fluorescence  (LIF).  The  density  of  OH  free  radicals  reaches 
its  peak  with  changing  the  argon  gas  flow.  When  the  density  of  OH  free  radicals  is  the  maximum  value 
(3.6xl0®cm'^),  the  high  part  of  the  electron-energy-distribution-function 7^(E)  above  8  eV  decreases. 
These  results  suggest  that  the  high  energy  part  of  fjfi)  is  contributed  to  the  dissociation  of  O2  and 
the  production  of  OH  free  radicals. 


1.  Introduction 

The  effect  of  colhsions  of  neutral  gas  on  the  plasma 
behavior  is  considerably  interesting  in  connection  with 
many  fields  of  application,  such  as  plasma  processing, 
environmental  problem,  and  divertor  plasma  in  recent 
years.  In  particular,  an  important  role  of  free  radicals 
is  mainly  due  to  their  outstanding  physical  and  chemi¬ 
cal  properties.  The  characteristics  of  the  free  radicals 
in  the  plasma  are  very  complex  in  commonly  used 
plasma  device,  such  as  RF,  ECR  and  so  on,  because 
the  cascade  type  of  collision  process  takes  place  in  the 
plasma  column. 

For  a  better  understanding  of  the  relation  between 
the  plasma  parameters  and  the  properties  of  the  free 
radicals,  we  have  proposed  to  use  a  newly  designed 
system  of  a  magnetized  sheet  plasma  crossed  with 
vertical  gas-flow  system  [1-3].  In  this  system,  the 
parameters  of  radicals  and  plasma,  such  as  the  reactive 
gas-flow,  the  plasma  density,  the  electron  temperature 
are  controlled  independently.  This  system  is  capable  of 
measuring  the  plasma  and  radical  parameters  by  the 
electrical  probe  and  a  laser  induced  fluorescence  (LIF), 
respectively. 

We  demonstrated  the  production  of  the  hydroxyl 
(OH)  free  radicals  in  an  argon  magnetized  sheet  plasma 
crossed  with  vertical  gas-flow  (H2+O2).  The  OH  free 
radical  has  been  recognized  as  the  most  commonly 
studied  combustion  species  and  important  species  from 
the  view  of  environment. 

2.  Experimental  setup 

The  magnetized  sheet  plasma  crossed  with  vertical 
gas-flow  system  is  shown  in  Fig.  1 .  The  advantages  of 
the  magnetized  sheet  plasma  with  vertical  gas-flow 
system  are:  (i)the  plasma  parameters  and  conditions  of 
the  reactive  gas  are  controlled  independently  because 
the  part  of  the  plasma  source  is  separated  from  the 


part  of  the  production  of  the  radicals  in  this  system, 
(ii)the  plasma  density  and  the  electron  temperature  can 
be  widely  changed  with  changing  a  discharge  current 
and  a  discharge  gas  flow,  (m)since  the  geometry  of  this 
system  is  estimated  to  be  nearly  1-D  on  the  scale  of  the 
plasma  thickness  the  experimental  results  could  be 
compared  with  the  expected  results  based  on  1-Dmodels, 
(iv)free  radicals  and  ionized  charged  particles  can  be 
separated  into  the  different  space  because  the  reactive 
gas  is  vertically  fed  to  the  magnetized  sheet  plasma, 
and  (v)the  influence  of  the  process  of  the  ion  collision 
in  addition  to  that  of  the  electron  collision  can  be 
examined  in  the  plasma,  such  as  the  charge  exchange, 
and  so  on.  Therefore,  this  system  is  capable  of  making 
some  complex  phenomena  between  the  plasma  and 
neutral  gas  species  as  the  simple  model. 

The  reactive  gases  for  the  production  of  the  OH  free 
radical  were  the  hydrogen  gas  H2  and  the  oxygen  gas 
O2.  When  reactive  gas  is  vertically  fed  to  the  sheet 
plasma,  OH  free  radicals  produce  in  the  plasma  and 


Laser  ( 282  nm ) 

Fig.  1  The  magnetized  sheet  plasma  crossed  with 
vertical  gas-flow  system. 
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pass  through  its  above  space  because  the  mean  free 
path  of  neutral-neutral  collision  is  much  longer  than  the 
thickness  of  the  sheet  plasma.  The  plasma  parameters 
(the  electron  density,  the  mean  electron  energy,  the 
space  potential  and  the  electron-energy-distribution- 
function  /j(E))  in  the  gas  contact  region  were  mea¬ 
sured  by  the  Langmuir  probe.  The  density  and  the 
rotational-vibrational  temperature  of  the  OH  free 
radicals  were  measined  by  the  laser-induced  fluores¬ 
cence  (LIF)[4-7].  The  uv  laser  light  for  the  fluores¬ 
cence  excitation  of  the  OH  molecule  is  provided  by  a 
Nd:Yag  pumped  dye  laser  system  with  subsequent 
frequency  doubling  using  a  KDP  crystal.  A  5  ns  laser 
pulse  with  2  mJ  energy  is  tuned  in  wavelength  that 
corresponds  to  an  transition  of  the  (0,0)  band  of  the 
A^S^-X^n  near  282  nm  at  a  repetition  rate  of  10  Hz. 
The  LIF  signal  entered  in  the  entrance  slit  of  a  m- 
onochromator  with  both  a  focused  lens  and  optical 
fiber  was  detected  by  a  multichaimel  analyzer  (SMA). 
The  rotational-vibrational  temperature  of  the  OH  free 
radicals  decided  from  the  slope  of  a  straight  line  that  is 
obtained  by  plotting  the  fluorescence  intensity  of  a 
given  laser-excited  transition  divided  by  the  transition 
strength  for  that  absorption  against  the  energy  of  the 
absorbing  rotational  state  in  the  X^n  electronic  state. 

3.  Experimental  Results 

The  typical  experimental  parameters  are  as  follows: 
the  discharge  current  Ij  is  16  A,  the  magnetic  field 
is  0.03  T.  The  Hj  gas  flow  rate  as  a  reactive  gas  Qh2  is 
fixed  at  10  seem. 

Figure  2  shows  the  density  of  OH  free  radical  n^jj 
as  a  function  of  the  Ar  discharge  gas  flow  Q^.  The 
density  of  OH  free  radicals  initially  increases  with 
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Fig.  2  The  LIF  intensity  (308  nm)  corresponding 
to  the  relative  density  of  OH  free  radical  as  a 
function  of  the  Ar  discharge  gas  flow  Q^. 


increasing  After  the  maximum  value  (Uq^  =  3.6  x 
lO’cm'^,  =  10  sceem)  is  obtained,  non  decreases 
with  increasing  .  When  the  density  of  OH  free 
radicals  reaches  its  peak  at  Q;^=10sccm,  the  high 
energy  part  of  the  electron-distribution-function  /^(E) 
above  ~  8  eV  decreases  from  a  result  of  probe  measure¬ 
ment.  This  value  of  the  high  energy  part  of  /,(E) 
corresponds  to  the  dissociation  energy  of  oxygen  (~8.8 
eV).  In  the  collisions  of  electrons  in  molecular  gases, 
electron-neutral  collisions  may  occur  the  dissociation. 

The  rotational-vibrational  torqjerature  of  die  OH  fiiee 
radicals  T^h  was  determined  by  the  plot  of  LEF  spectrum 
per  transition  strength  vs  energy  of  initial  rotational 
state.  The  Tqjj  deduced  from  the  slope  of  plot  is  4000 
K±200  K. 

4.  Conclusions 

We  demonstrated  the  formation  of  the  OH  free 
radicals  in  the  magnetized  sheet  plasma  with  vertical 
gas-flow  system.  The  density  of  OH  free  radicals  reaches 
its  peak  with  changing  the  Ar  gas  flow.  At  the  same 
time,  the  electron  density  and  the  hi^  energy  part  of  the 
electron-energy-distribution  function  /,(E)  above  the 
energy  of  ~  8  eV  decrease.  These  results  suggest  the 
production  of  OH  free  radicals  is  contributed  to  the 
dissociation  of  O2  in  electron-neutral  collisions. 
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operating  in  helium-hydrogen  mixture 
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Faculty  of  Physics,  University  of  Belgrade,  P.O.Box  368,  1 1001  Belgrade,  Yugoslavia 


Abstract 

The  shapes  of  the  hydrogen  Balmer  line  are 
studied  in  the  modified  Grimm-type  abnormal  glow 
discharge,  operating  with  iron  and  copper  cathode,  in 
helium  with  small  admixture  of  hydrogen.  For 
comparison,  the  H„  profiles  in  pure  hydrogen  and  in 
neon-hydrogen  mixture  are  recorded  as  well.  The 
magnitude  of  the  lower  broadened  part  of  the  profiles  is 
related  to  the  efficiency  of  scattering  and  excitation  of 
hydrogen  atoms,  reflected  fi-om  the  cathode. 

1.  Introduction 

Recent  studies  of  atomic-hydrogen  line  shapes  in 
various  types  of  glow  discharges  [1-7]  has  shown 
Balmer  lines  shapes  with  an  extraordinary  wings 
development.  The  extensive  far  wings  indicate  the 
presence  of  excited  hydrogen  atoms  with  very  high 
velocities.  As  shown  by  both  theory  and  experiment  ([8] 
and  Refs.  [4,10]  therein),  those  energetic  hydrogen 
neutrals  originate  from  incident  H^,  H,  H2'^,  H2  and 
whose  backscattered  fragments  from  the  cathode  are 
almost  entirely  H  atoms.  On  their  way  back  through  the 
discharge,  they  collide  mainly  with  matrix  gas  and 
excite  [9]. 

In  the  preceding  paper  [9],  the  hydrogen  Balmer  H„ 
line  shapes,  emitted  from  the  Grimm-type  abnormal 
glow  discharge  operating  in  pure  hydrogen  and  in  neon- 
hydrogen  mixture  (3%  Hzi  with  cathodes  made  of 
several  different  materials,  are  studied.  Most  of  the  end- 
on  recorded  profiles,  showed  more  developed  blue 
wing  of  the  lower  part  of  the  profile,  than  the  red  one, 
see  Fig.  1.  These  line  shapes  testify  on  the  higher 
energies  and  larger  number  of  hydrogen  atoms  traveling 
from  the  cathode  surface  towards  observer.  As  a 
quantitative  measure  of  the  wings  broadening  effect,  the 
value  5  =  (A^+A^)/A  is  introduced,  as  a  ratio  between 
sum  of  areas  under  the  blue  A/,  and  red  A^  wing  of 
lower,  broader  part  of  the  profile,  and  whole  profile  area 
A,  where  A=A/,+Ar+Ao  (see  Fig.  1).  Concerning  cathode 
material  influence,  it  is  revealed  that  sputtering 
processes  play  an  important  role  in  the  line  shape 
formation.  Namely,  the  wings  broadening  effect  is  more 
pronounced  in  discharges  with  cathodes  made  of 
material  with  high  sputtering  yield  coefficient  (such  as 
Cu,  Ag  and  Au  [9]).  In  the  light  of  these  results,  one 
would  expect  that  the  influence  of  the  operating  gas 
would  be  also  related  to  the  sputtering  efficiency,  i.e. 


that  the  effect  should  be  more  pronounced  if  the  cathode 
is  bombarded  with  heavier  particles.  TTie  results  were, 
however,  quite  opposite:  in  comparison  with  pure 
hydrogen  discharge,  in  neon-hydrogen  mixture,  the 
wings  development  was  considerably  depressed  [9]. 
This  result  lead  to  the  conclusion  that  the  role  of  the 
operating  gas  is  related  mainly  to  the  efficiency  of 
scattering  and  excitation  of  reflected  hydrogen  atoms, 

1. e.  to  the  matrix  transparency  for  energetic  hydrogen 
neutrals. 

In  order  to  check  the  above  conclusion,  in  this  work 
we  extend  our  study  to  the  line  shapes  emitted  from 
the  Grimm  glow  discharge  operating  in  helium- 
hydrogen  (5%  H2)  mixture,  and  compare  them  with  the 
results  obtained  in  pure  hydrogen  and  neon-hydrogen 
mixture,  under  similar  experimental  conditions. 

2.  Experiment  ^ 

Our  plasma  source  is  laboratory  made  modified 
Grimm-type  glow  discharge,  described  in  details 
elsewhere  [10,11].  Here  we  shall  mention  only  few 
important  details.  Unlike  the  original  Grimm  design 
[10],  the  cathode  is  mounted  inside  the  hollow  anode 
(30  mm  long  with  inner  and  outside  diameters  8.00  and 
13  mm).  The  water-cooled  cathode  holder  has  an 
exchangeable  iron  or  copper  electrode,  18  mm  long  and 
7.60  mm  in  diameter,  which  screws  tightly  onto  its 
holder  to  ensure  good  cooling.  The  gas  flow  500 
cm  /min  through  the  discharge  was  sustained  at  250  Pa 
by  means  of  a  needle  valve  and  a  two  stage  mechanical 
vacuum  pump.  To  run  the  discharge  a  0-2  kV  and  0-100 
mA  current  stabilized  power  supply  was  used.  A  ballast 
resistor  of  10  kQ  was  placed  in  series  with  the  discharge 
and  power  supply.  The  end-on  radiation  from  the 
discharge  source  was  focused  with  unity  magnification 
onto  the  entrance  slit  of  the  scanning  monochromator- 
photomultiplier  system  with  0.74  nm/mm  inverse  linear 
dispersion.  The  signals  from  photomultiplier  were  A/D 
converted,  collected  and  processed  by  PC. 

3.  Results 

Typical  results  of  Balmer  spectra  recordings  in 
three  different  gases,  with  iron  and  copper  cathode  are 
shown  in  Fig.  1.  The  new  results  in  helium-hydrogen 
mixture  confirm  the  previously  noticed  regularities  [9]; 
(a)  the  blue  wing  of  the  lower,  broader  part  of  the 
profile  is  more  developed  then  the  red  one  and  (b)  the 
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Fig.  1 .  Typical  end-on  H„  spectra  recordings  (with  relative  intensities)  in  Grimm  glow  discharge  with  iron  and  copper  cathode, 
in  three  different  gases.  Discharge  conditions:  25  mA,  (16+2)  W.  In  the  Cu-Hj  graph  are  defined  areas  A/,,  and  Ag. 


wings  broadening  effect  is  more  pronounced  with 
copper  than  with  iron  electrode. 

Considering  influence  of  the  operating  gas,  the 
effect  in  helium-hydrogen  mixture  is  between  those  in 
pure  hydrogen  and  in  neon-hydrogen  mixture. 
Furthermore,  by  plotting  the  obtained  5  values  vs.  mass 
ratio  of  atomic  hydrogen  and  matrix  gas  (in  logarithmic 
scale),  see  Fig.  2,  one  obtains  apparent  linear 
dependence.  This  supports  our  previous  conclusion  [9] 
that  the  role  of  the  operating  gas  is  related  to  the 
efficiency  of  the  scattering  and  excitation  of  hydrogen 
neutrals  in  collisions  with  matrix  gas.  These  processes 


Fig.  2.  The  vings-broadening  effect  (5  values)  vs.  mass  ratio 
of  atomic  hydrogen  (m^)  and  matrix  gas  (/Km)- 


are  the  most  efficient  in  pure  hydrogen  (mass  ratio  1  ;2), 
while  neon  matrix  (1:20)  is  the  most  transparent  for 
energetic  hydrogen  atoms,  reflected  from  the  cathode. 
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We  present  Langmuir-probe  measurements  in  the  afterglow  of  pulsed  rf- 
discharges.  The  pulsed  plasma  is  expected  to  contain  negatively  charged  particulates 
having  large  masses.  The  aim  is  to  determine  the  ratio  of  mean  negative  and  positive 
masses  of  ions  in  the  plasma.  First  measurements  in  Ar/C2H2  and  Ar/H2/W(CO)6 
discharges  will  be  presented. 


Introduction 

It  is  well  known  that  clusters  and  dust  are 
formed  in  rf-plasmas  containing  carbon  and  hydrogen. 
While  heating  the  discharge  continuously  particulates 
can  grow  in  the  plasma  and  charge  up  negatively  like  a 
floating  probe.  Small  particulates  beyond  a  certain  size 
(roughly  up  to  about  20nm)  can  be  expected  to  bear 
only  one  charge.  If  the  plasma  is  pulsed  the  particulates 
growing  inside  the  plasma  have  sizes  depending  on  the 
plasma-on  time,  t^^.  When  the  plasma  is  switched  off 
the  electrons  escape  very  fast  due  to  their  high  mobility 
on  a  time  scale  shorter  than  1ms.  After  roughly  1ms  one 
can  assume  a  quasi  neutral  plasma  consisting  of  positive 
and  negative  ions.  In  this  electron  free  plasma  it  is 
possible  to  measure  the  saturation  currents  of  positive 
and  negative  ions  using  cylindrical  Langmuir-probes. 
From  the  saturation  currents  the  mean  mass  ratio  of 
positive  and  negative  charge  carriers  can  be  deduced  as 
suggested  by  the  group  of  Watanabe  [1,'2,3].  They 
determined  the  ratio  of  the  mean  masses  in  a  silane  rf- 
discharge.  We  extended  this  method  in  order  to  get 
information  on  the  time  dependence  of  the  mean  mass 
ratio  in  the  afterglow  of  an  argon/acetylene  discharge. 

Theoretical  considerations 

When  a  Langmuir  probe  is  immersed  in  a 
plasma  with  negative  ions,  its  saturation  current  above 
the  space  potential  is  given  by  [1] 

k=-eS[ne{kTellnms)''-+{Q/e)nikTJ2nMf-], 

where  e  is  the  electronic  charge,  S  the  probe  area,  k  the 
Boltzmann  constant,  Q  the  number  of  charge  of  a 
negative  ion,  and  further,  tig,  mg,  Tg  are  the  density, 
mass,  and  temperature  of  electrons  respectively,  and 
M.,  T.  those  of  the  negative  ions.  For  the  current  4 
measured  at  a  time  >lms  after  rf-discharge-off  the 
contribution  of  electrons  can  be  neglected  compared  to 
that  of  the  negative  ions. 


The  positive  ion  saturation  current  of  a  probe 
immersed  in  such  an  afterglow  plasma  composed  of 
negative  and  positive  ions  is  given  by 

U=eSnJJiTJ2nM:)''^. 

? 

One  can  assume  thermal  equilibrium  T+-T.,  because  of 
the  small  mass  ratio  and  because  there  is  no  rf-heating 
in  the  afterglow.  In  this  case  the  mass  ratio,  can 

be  expressed  by 

This  expression  suggests  that  information  on  growth 
processes  of  subnanometer  sized  particles  in  rf- 
discharges  can  be  obtained  by  measuring  4  and  4  as  a 
parameter  of  the  rf-discharge-on  period,  4„,  with  a 
Langmuir  probe  in  afterglow  plasmas.  Fukuzawa  et  al 
measured  4/+  at  fixed  probe  voltages  of  ±27 V;  /?./+= 
/(t/=-27V)//(t/=+27V). 

However,  if  there  are  no  electrons,  heavy 
particles  are  not  necessarily  negatively  charged. 

Experimental 

The  measurements  have  been  performed  in  a 
capacitively  coupled  parallel  plate  device  with  a 
heatable  ground  electrode.  We  used  also  a  heatable 
probe  which  was  not  compensated  for  the  rf- 
modulation.  In  the  experiments  with  Ar/C2H2  the  probe 
was  placed  near  the  centre  of  the  discharge  volume  and 
in  the  experiments  with  Ar/H2/W(CO)6  it  was  placed  a 
few  mm  in  front  of  the  rf-electrode.  During  the 
measurements  in  Ar/H2/W(CO)6  a  conducting  film  of 
WC  was  deposited  on  a  substrate  and  on  the  probe. 

We  have  measured  the  probe  current  /  as  a 
function  of  the  probe  voltage  U  and  the  afterglow  time 
t.  This  leads  to  a  matrix  I{U,f)  which  is  obtained  in  the 
following  way:  For  fixed  voltages  U„  we  measured  the 
“time-characteristics"  From  these  time- 

characteristics  the  probe-characteristics  can  be 

obtained  at  a  certain  time  4  in  the  afterglow. 
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Results 

Fig.  1  shows  the  probe  current  measured  in  an 
Ar/CiHj  plasma  (20W  rf-power,  4„=3.2s,  roff^0.32s). 
The  measurement  starts  0.2ms  after  plasma-off  and 
extends  4.2ms  in  the  afterglow.  The  voltages  range  from 
-lOOV  to  +100V  in  IV  steps.  During  the  first  0.2ms 
after  turning  off  the  plasma  the  maximum  saturation 
current  of  negatively  charged  particles  /(+100V)  drops 
very  fast  from  6mA  to  0.5mA  while  /(-lOOV)  decreases 
from  0.2mA  to  0.034mA.  As  shown  in  Fig.  1  these 
values  decrease  to  /(lOOV, 4.2ms)  =  -150nA  and  /(- 
lOOV,  4.2ms)  =  3.6pA,  respectively,  in  a  time  range  of 
4ms. 


—  0,5mA 


-lOOV  4  2ms 

Fig.  1 

In  the  case  of  Ar/C2H2  we  varied  from  0. 1  s 
up  to  6.4s  while  the  plasma-off  time  tgff  has  been  kept 
constant  at  to(f=0.32s.  In  Fig.  2  the  data  obtained  for 
ron=3.2s  and  6.4s  are  shown.  In  all  cases  a  significant 
increase  of  R./+  can  be  observed  indicating  that  the  mean 
masses  change  during  the  afterglow.  Either  M+ 
decreases  or  M.  increases,  or  the  negative  particles  are 
cooled. 
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is  obtained  from  the  mean  value  of  the 
ratio  of  [I(U,t)/I{-U,t)]  averaged  over  the  voltage  range 
30V-90V.  At  t=0  the  plasma  was  switched  off. 

For  4„=3.2s  the  ratio  /?./+  increases  from  0.06  at 
t=0.5ms  to  0.3  at  t=4ms  indicating  that  the  mean  mass 
of  positively  charged  particles  is  much  larger  than  the 
mean  mass  of  the  negatively  charged  species.  Between 
0.5  ms  and  1  ms  one  can  see  the  same  behaviour  for  R.,^ 
at  6.4s.  But  at  larger  afterglow  times  this  curve  seems  to 
reach  a  saturation  value  of  about  2  showing  that  M. 
becomes  larger  than  A/+  during  the  afterglow. 

In  the  W(CO)6  containing  plasma  we  found  a 
different  behaviour.  During  the  afterglow  the  ratio  /?./+ 
increases  from  a  nearly  constant  value  1  to  a  value  of 
about  7  at  3.5ms. 

A  more  detailed  analysis  and  discussion  will  be 
given  on  the  poster. 

‘  This  work  was  supported  by  the  Deutsche 
Forschungsgemeinschaft,  Bonn,  under  grant  Wi-461- 
10-3. 
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In  a  previous  paper  [1],  we  reported 
about  the  time  resolved  electron  density  and 
temperature  measurements  of  a  rotating  arc  in 
a  SFg  electrical  circuit-breaker  with  a  peak 
current  of  4.8kA.  Measurements  on  this 
turbulent,  non-reproducible  and  moving  arc 
were  performed  by  differents  methods  of 
emission  spectroscopy  with  the  assistance  of 
photography  using  interference  filters.  This 
SFg  plasma  is  strongly  polluted  by  copper 
ablated  from  electrodes.  Time  resolved  total 
number  of  the  atomic  species  present  in  the 
arc,  including  copper,  were  measured.  Spatial 
information  was  also  deduced  from  the 
measurements  allowing  concentration 
estimates  for  the  different  atoms. 

In  order  to  confirm  the  emission 
measurements,  we  used  also  three  different 
optical  absorption  techniques:  i)  self- 
absorption  of  two  FI  lines  belonging  to  the 
same  multiplet,  ii)  absorption  of  a  line 
emitted  by  the  arc  core  by  the  peripheral 
plasma  and,  iii)  absorption  of  an  external  Z- 
pinch  radiation  [2]  by  the  arc. 

i)  The  electron  density  and  temperature 
of  this  plasma  are  of  about  4.10'’cm'*  and 
18000K  [1],  respectively.  In  these  conditions, 
the  line  broadening  is  mainly  caused  by  the 
Stark  effect  which  depends  mainly  on  the 
electron  density.  However  the  measured  line 
profile  depends  also  on  the  self  absorption  of 
the  line  in  the  plasma.  The  detailed  study  of 
this  process  for  two  line  profiles  from  the 
multiplet  FI  3s‘‘P-3p^D°,  which  have  very 
different  absorption  coefficient  makes 
possible  to  obtain  good  estimates  of  plasma 
thickness  and  plasma  apparent  surface.  An 
absolute  calibration  renders  also  the  plasma 
temperature. 


ii)  In  specific  conditions,  some  Cul 
lines  emitted  by  the  arc  core  are  absorbed  by 
the  cold  peripheral  plasma.  The  spectril 
profile  of  such  lines  shows  an  absorption  dip 
in  the  line  peak.  Calculation  of  the  profile 
with  a  model  allows  to  determine  the  copper 
linear  density  in  the  peripheral  zone. 

iii)  Absorption  measurements  of  an 
external  radiation  by  this  plasma  are  very 
difficult  to  realize  because  of  the  refractive 
index  fluctuations  in  the  arc  chamber.  Indeed, 
the  laser  beam  is  strongly  and  randomly 
deflected  by  the  arc  and  the  gas.  Nevertheless 
such  an  experiment  was  successfully  achieved 
with  the  aid  of  a  high  current  Z-pinch 
discharge  instead  of  a  laser  thanks  to  its 
brightness,  its  short  duration,  its  spatial 
expanse  and  its  spectral  expanse.  Spectral 
absorption  profiles  of  the  copper  resonance 
lines  were  directly  obtained.  Copper 
concencentration  could  be  subsequently 
inferred  from  these  measurements. 
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1.  Introduction 

An  imderstanding  of  electron  energy  distribution 
functions  (eedfs)  is  fundamental  to  characterising 
plasmas  and  plasma  phenomena.  Electrons  with  energies 
greater  than  10  eV  are  of  particular  interest  since  they 
drive  processes  such  as  ionisation,  excitation  and  the 
production  and  excitation  of  radicals.  Electrostatic 
probes  have  been  used  for  such  measurements  for  many 
-years  but  are  intrusive  and  can  be  difficult,  if  not 
impossible  to  use  in  some  plasma  environments.  Optical 
emission  spectroscopy  appears  to  offer  a  simple  and  non 
intrusive  technique  for  determining  electron  energy 
distributions  [1].  Here  we  compare  measurements  made 
using  a  spectroscopic  technique  with  those  made  using 
an  electrostatic  probe  technique. 

2.  Experiment 

Measurements  were  made  on  helium  in  a  capacitively 
driven,  GEC  (Gaseous  Electronics  Conference) 
reference  reactor.  Four  spectral  lines  were  chosen  by 
virtue  of  their  relative  intensities:  471.3  nm,  492.2  nm, 
504.8  nm  and  587.6  nm.  The  values  for  the  ratio  of  the 
intensities  of  the  spectral  lines  504.8  nm  and  587.6  nm 
(Ri),  504.8  nm  and  471.3  nm  (R2)  and  492.2  nm  and 
587.6  run  (Rj)  were  obtained  experimentally  using  a 
spectrometer  with  a  photomultiplier  tube  detector. 
Based  on  a  theoretical  calculation  of  the  dependence  of 
R  on  the  electron  temperature  (kT^),  values  for  kTe  were 
obtained.  The  results  were  compared  to  measurements 
made  under  the  same  conditions  using  a  compensated 
Langmuir  probe  technique. 

The  experiments  were  performed,  at  a  power  of  40 
Watts,  for  a  range  of  pressures  from  50  mTorr  through 
to  500  mTorr.  Above  500  mTorr  the  plasma  can  no 
longer  be  considered  optically  thin,  a  condition  required 
by  the  theoretical  model. 

2.  Results 

The  spectroscopic  results  generated  from  Rj,  Rj  and  R3 


show  a  decrease  in  kTg  with  increasing  pressure. 
However  the  values  of  kT^  obtained  using  Rj  were 
consistently  greater  than  those  determined  using  Rj  and 
R3.  The  R2  determination  might  be  expected  to  be  the 
more  accurate  since  the  excited  states  are  populated 
only  through  electron  impact.  Results  obtained  using 
Langmuir  probe  techniques  demonstrated  the  same 
pressure  dependence.  However,  the  probe-determined 
values  of  kT*  lay  between  those  obtained  from  Rj  and 
R3.  Typical  of  the  results  are  those  at  300  mTorr. 
Values  of  1.3,  5.6  and  2.7  eV  were  derived  for  kT^  from 
R],  R2  and  R3  respectively.  The  probe  measurement  was 
4.2  eV. 

The  spectroscopic  data  was  generated  using  spectral 
lines  originating  from  states  requiring  a  threshold 
electron  energy  for  excitation  from  the  ground  state  of 
21  eV.  The  measured  eedfs  were  basically  Maxwellian. 
However  at  energies  greater  than  15  eV,  they  dropped 
more  rapidily  than  would  be  expected  for  a  Maxwellian 
distribution.  This  may  accoimt  for  the  discrepancy  in 
the  magnitude  of  the  values  for  kT.  determined  by  the 
two  procedures.  More  work  is  planned  to  modify  both 
techniques  through  further  experiment  and 
computational  modeling,  to  look  specifically  at  high 
energy  electrons. 
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Currently,  information  on  chemical  reaction  processes 
and  radiative  properties  around  hypersonic  flight 
vehicles  is  very  scarce  for  atmospheres  (Meient  from  the 
earth  atmosphere.  The  present  paper  investigates  the 
interaction  of  a  CO2-N2  low  pressure  plasma  flow  with  a 
C-SiC  material.  The  aim  of  this  woric  is  to  identify  the 
mam  processes  contributing  to  the  heating  of  a  thermal 
protection  material  during  a  Martian  atmospheric  entry. 
Measurements  were  peiformed  in  a  laboratory  wind 
tuimel.  An  equal  mass-fraction  CO2-N2  gas  mixture  is 
heated  up  by  an  electric  arc  between  a  cooled  carbon 
cathode  (in  the  heating  chamber)  and  a  carbon  insert 
sintered  into  a  copper  nozzle  that  serves  as  anode.  Thus 
metallic  pollutions  are  eliminated.  The  arc  current  is 
100  A  corresponding  to  a  9  kW  power  for  a  flow  rate  cf 
12  l.mm'  at  STP.  The  pressure  inside  the  vacuum  tank 
is  1  mbar.  The  C-SiC  material  is  located  on  the  axis  of 
the  expanding  flow,  perpendicular  to  the  velocity  field, 
10  cm  downstream  from  the  nozzle  exit. 

For  the  characterization  of  the  plasma  'different 
measurement  techniques  have  been  used. 

In  the  350-800  nm  spectral  range,  the  intensity  of  the 
plasma  is  measured  with  a  1.5  m  Sopra  spectroscope 
using  a  grating  with  2500  grooves  per  nun  coupled  with 
a  multicharmel  array  of  photodiode  detectors. 

The  main  spectral  features  are  provided  by  the  violet  and 
red  systems  of  the  CN  radical.  For  those  systems  a 
vibrational  and  rotational  temperature  is  determined  by 
the  comparison  of  the  experimental  evolution  with  a 
calculate  spectrum.  The  111  run  atomic  oxygen  line  is 
the  only  atomic  line  detected. 

Working  in  monochromator  mode  with  an  EMI 
photomultiplier  in  detection  gives  a  greater  sensitivity. 
This  has  allowed  us  to  detect  small  signals  due  to  the 
usual  N2^  first  negative  system  and  the  C2  Swan  system, 
which  indicate  that  there  are  traces  of  these  elemettts,  but 
no  atomic  nitrogen  lines  have  been  detected. 

Aim  Jobin-Yvon  UV  scaruiing  monochromator  (4500 
grooves/mm  grating)  with  a  Hamamatsu  UV  photo¬ 
multiplier  detection  was  employed  to  analyze  the  190- 
300  tun  spectral  range. 

In  emission,  the  strong  radiation  at  193  and  248  run, 
which  increases  near  the  C-SiC  sample,  is  well 
identified  as  associated  to  transitions  of  atomic  carboa 
Also  close  to  the  C-SiC  sample,  a  large  emission  from 
the  3p^  ^-4s  Si  atom  transitions  near  250  tun  is 
detected  (Si(^P)=3xl0'^  part.m'^)  accompanied  by  the 
A'n-X'z"^  emission  band  of  the  SiO  radical.  The 
remaining  spectrum  is  dominated  by  the  e,  7,  5  systems 
of  NO. 

LIF  spectroscopy  of  the  (D-X)  NO  electronic  transitions 
has  been  applied  to  detect  NO  species. 


The  light  source  was  a  LPX150T  Lambda  Physik 
tunable  ArF  excimer  laser  which  produces  15  rrs 
halfwidth  150  mJ  pulses.  The  laser  is  tunable  over  320 
cm'*  with  a  bandwidth  of  0.3  cm'‘.  The  spectral  filter 
used  for  fluorescence  detection  was  a  0.5  m  Jobin-Yvon 
spectrometer. 

In  the  present  low  pressure  experiment,  quenching 
processes  are  negligible  and  a  good  confidence  in  the 
NO  population  density  measurements  can  be  erqrected. 
The  rotational  temperature  is  deduced  from  the  two  lines 
thermbmetry  method. 

An  order  of  magnitude  of  the  CO  population  density 
was  also  derived  at  193  nm  by  three  photon  photolysis. 
This  multiphotonic  process  which  dissociates  CO  is 
enhanced  by  the  coincidence  between  the  laser 
wavelength  dsd  the  spin  forbidden  a^Il-X'Z*  one  photon 
transition.  Atomic  fragments  which  are  produced  in  the 
ArF  photolysis  of  CO  are  detected  by  monitoring  the 
248  run  resulting  tine  of  the  carbon  atom. 

Usital  Langmuir  probe  devices  were  implemented  to 
determine  electron  temperature  and  density. 

Finally  the  local  distribution  of  the  sample  terrqjerature 
is  deduced  from  the  intensity  field  measured  by  an 
infrared  thermograplty  system.  On  the  axis  of  the  plasma 
jet,  the  surface  temperature  of  the  C-SiC  sample  is 
1600  K. 
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Fig.  1.  Measured  temperatures  in  the  boundary  layer 


The  main  species  present  in  the  flee  stream  of  the 
plasma  are  CO2,  CO,  N2  and  O.  The  absence  of  atomic 
nitrogen  lines  in  the  spectrum  seems  to  indicate  that  the 
concentration  of  nitrogen  atoms  is  low. 
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The  orders  of  ma^tude  for  the  CN,  NO  and  CO  mole 
fractions  in  the  mixture  are  respectively  5x10'^,  10"^  and 
3xl0'. 

The  NO(X)  rotational  temperature  is  about  2500  K  in 
the  free  stream  above  the  sample.  In  the  boundaiy  layer 
this  ten^rature  decreases  with  the  distance  over  the 
plate  and  tends  toward  the  measured  surface  temperature 
indicating  a  rotational  equilibrium  at  the  kinetic 
,  temperature  (Fig.  1). 

i 

In  opposition,  the  evolution  of  rotational  population 
density  of  CN  electronic  levels  (Trot=7500  K)  and 
A  n  (Troi=4000  K)  indicates  a  thermal  nonequilibrium 
of  their  rotational  degree  of  freedom. 

Similarly,  a  large  vibrational  temperature  excitation  fcr 
these  two  electronic  levels  is  observed:  the  vibrational 
temperatures  are  respectively  12500  K  and  6000  K  fcr 
the  B  and  A^n  levels,  remaining  unchanged  in  the 
boundary  layer. 

The  ionization  degree  is  about  1.5  10  “'  and  the  electrons 
are  in  thermal  nonequilibrium  with  heavy  particles.  In 
the  plasma  free  stream,  the  electron  temperature  is  about 
5500  K  and  has  no  significant  change  in  the  boundary 
layer.  The  corresponding  electron  population  density 
remains  constant  down  to  two  millimeters  above  the 
surface  (the  location  of  the  last  point  of  measurement). 
The  CO  mole  fraction  has  no  significant  change  in  the 
boundaiy  layer,  indicating  either  a  low  catalytic 
efficiency  or  the  result  of  the  competitive  opposite 
processes: 

CO  +  O.  COj 
C.  +  02  ^  CO  +  O 
C.  +  O  ->  CO 

where  s  denotes  atoms  present  in  the  solid  phase,  all 
other  species  are  in  the  gas  phase. 

Conversely,  in  the  extension  of  the  boundaiy  layer 
(1  cm)  the  O,  CN  and  C  population  densities  increase  cf 
about  one  order  of  magnitude  as  the  distance  to  the  wall 
decreases  (Fig.  2).  This  carmot  result  from  homo¬ 
geneous  reactions  and  has  to  be  imputed  to  wall 
reactions. 
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Fig.  2.  Measured  species  evolution  in  the  boundary  layer 
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The  fust  result  is  the  carbon  atom  production  at  the 
wall:  the  calculated  equilibrium  v^r  pressure  of  1he 
carbon  compound  at  the  actual  wall  temperature  is 
favorable  to  the  craibon  atom  sublimation  rather  than  the 
formation  of  C3  and  C2  radicals.  However,  the 
equilibrium  concentration  of  carbon  atoms  is  fer  much 
smaller  than  the  measured  one.  Then,  adsorbed  atoms 
on  the  surface  are  probably  responsible  for  the 
enhancement  of  carbon  ablatioa  Nevertheless,  in 
contrast  to  a  graphite  sample  which  showed  an  extreme 
erosion  due  to  its  strong  catalycity,  the  C-SiC  sample 
was  found  to  have  a  very  low  erosion  rate  caused  by  the 
detected  free  carbon  and  silicoa  There  is  nearty  no  mass 
loss  during  the  test.  The  amount  of  SiO  molecules 
detected  close  to  the  wall  owing  to  the  oxidation 
process  Si,  +  O  -4  SiO  shows  that  passive  oxidation 
by  Si02  is  not  predominant. 

NO  and  CN  are  the  main  nitrogen  compound  species 
created  on  the  C-SiC  material.  The  NO  mole  fraction 
near  the  wall  is  about  10 This  small  amount  of  NO  is 
eTqrected  to  be  due  to  the  recombination  of  O  atoms 
with  nitrogen  atoms  adsorbed  on  the  sample: 

O  +  N.  NO 

The  large  value  of  the  CN  mole  fraction  measured  close 
to  the  wall  (about  5.10’^)  is  more  difficult  to  explaia 
First,  in  current  experiments  the  concentration  of  carbon 
atoms  in  the  gas  phase  is  too  low  to  have  an  efficient 
production  by  the  reaction  channel: 

C  +  N,  CN. 

Second,  the  CN  molecules  could  result  from  the 
process: 

N  +  C,  -»  CN 

But,  an  excessively  high  concentration  of  nitrogen 
atoms  would  be  required  to  explain  the  high 
concentration  of  CN  measured. 

In  fact,  an  explanation  may  be  found  if  the  dissociative 
sticking  probability  of  N2  is  significantly  enhanced  by 
the  vibrationaly  excited  N2  molecules  impinging  on  the 
surface.  With  this  hypothesis  the.CN  radical  would  be 
created  by  the  two  step  reaction: 

N2(v)  +  wall  Ns  +  N, 

N,  +  C,  CN 

Future  measurements  in  the  120-190  run  spectral  range, 
where  the  nitrogen  and  oxygen  atom  concentration  can 
be  obtained  by  absorption  measurements  on  the  resonant 
lines,  will  provide  more  informatioa 

In  conclusion,  this  note  emphasizes  the  interest  of 
acciuate  measurements  of  species  concentrations  to  study 
in  detail  the  interaction  processes  on  a  thermal 
protection  material. 

Further  measurements  are  underway  to  obtain  an 
exhaustive  analysis  of  the  interaction  of  the  CO2-N2 
plasma  with  the  C-SiC  sample.  However,  current  results 
underscore  the  diversity  of  species  behaviors  at  the  wall 
aiKl  the  importance  of  an  accurate  knowledge  of  the 
plasma  composition  in  catalycity  tests  in  high  enthalpy 
wind  tuimels. 
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1.  Introduction 

The  spatio-temporel  evolution  of  a  discharge  in  a 
micro-cavity  is  influenced  by  the  proximity  of  the 
walls;  the  energy  injected  is  confined  in  a  small 
volume  and  cannot  be  dissipated  by  pressure  waves 
as  in  an  unbounded  discharge.  Therefore, 
temperature  and  neutral  density  heterogeneities 
created  by  the  discharge  is  not  only  conserved  but 
are  also  amplified  due  to  reflections  on  the  walls. 
The  energy  is  dissipated  by  viscous  effects  and 
thermal  exchange  at  the  surface.  Hence,  the  geo¬ 
metry  of  the  micro-cavity  plays  a  significant  role 
on  neutral  dynamics  induced  by  the  discharge.  We 
study  the  influence  of  walls  in  micro-discharges 
observed  [1]  in  two  different  geometries: 
ijcylindrical  with  a  diameter  of  0.5mm  and  a  gap 
distance  of  0.5mm  ii)  cubic  of  side  0.5mm.  The 
discharge  occur  in  air  at  atmospheric  pressure  and 
at  ambiant  temperature.  The  duration  of  current 
impulsion  is  120ns  with  a  maximum  of  5mA 
corresponding  to  a  maximum  power  of  12Watts. 

2.  Description  of  the  model 

The  evolution  of  the  neutral  gas  is  described  by  the 
hydrodynamic  equations  for  a  compressible  and 
viscous  fluid  coupled  to  the  equation  of  state  of  a 
perfect  gas  [2-3].  The  gas-solid  interface  take  into 
account  thermal  exchange  in  the  boundary  layer. 
The  walls  and  neutral  particles  on  them  are 
assumed  to  be  cold.  The  assumption  of  flow 
resistance  on  the  surface  of  micro-cavity  gives  a 
viscosity  which  increases  with  velocity  gradients 
[4].  The  effects  of  the  discharge  on  the  fluid 
particles  are  simulated  by  a  thermal  energy 
injection  fimction  and  by  a  direct  transfer 
momentum  function.  The  system  of  transport 
equations  is  solved  by  a  powerful  and  optimized 
tri-dimensional  MUSCL  method  [5]  (with  a 
rotational  symmetry  in  the  cylinder  microcavity) 
with  no  Time  Splitting  and  a  non-uniform  meshes. 

3.  Resultats 

Under  the  thermodynamic  effect  of  the  discharge 
(which  presents  rotational  symmetr)'),  the  gas  is  set 
into  motion.  During  a  first  phase,  short  in  time  and 
before  the  impact  with  the  lateral  surfaces,  the  gas 
moves  freely  and  the  processes  are  identical  for  the 
two  geometries  because  the  injection  conditions  are 
the  same.  The  neutral  gas  temperature  increases 
sharply  with  a  maximum  of  600K  ,at  the  end  of 
injection  (120ns).  The  thermal  shock  is 
accompanied  by  an  increase  in  pressure  (1500Torr) 


in  the  core  of  the  discharge.  The  pressure  gradients 
are  mainly  radial  and  as  soon  as  there  are 
sufficiently  high  there  initiate  a  radial  motion  of 
the  gas.  It  is  superimposed  to  the  axial  motion 
created  by  momentum  transfer.  Near  the  electrode 
surfaces  boundary  effects  appears  rapidly  (figl) 
with  high  temperature  gradients  and  an  increase  of 
neutral  density.  In  the  formed  boundary  layers, 
there  is  a  heat  exchange  between  gas  and  surface. 
Furthermore,  viscous  effects  and  high  pressure 
gradients  parallel  to  the  electrode  induce  a  slip 
along  the  walls  (fig2).  In  a  second  phase,  after  the 
energy  injection  and  before  the  return  of 
equilibrium,  the  gas  perturbation  is  a  result  of  wave 
propagation  and  successive  reflections  on  the  walls 
more  particularly  on  the  lateral  ones.  During  this 
phase,  the  geometry  of  the  micro-cavity  plays  an 
important  role  in  the  state  of  the  gas.  In  the 
cylindrical  micro-cavity,  the  rotational  symmetry  is 
conserved  during  the  successive  reflections.  At 
every  time,  the  combined  parameters  of  the  gas 
(temperature,  density  and  velocity  field)  have  this 
symmetry  and  we  observe  a  globally  uniform 
movement  of  return  waves  after  each  impact  on  the 
w'all  (fig3-4).  In  a  cubic  micro-carity,  the 
cylindrical  symmetry  vanishes  immediately  with 
the  first  reflection  on  the  wall.  The  rupture  of 
symmetry  is  accentuated  by  a  mechanism  of 
delayed  reflection  in  the  comers  which  increases 
the  heterogeneity  of  the  gas  since  this  effect 
appears  at  each  arrival  of  pressure  waves  on  lateral 
walls.  Hence,  tliis  delay  in  reflection  induces  an 
accumulation  of  neutral  density  in  the  comers 
(fig5),  even  though  the  movement  of  return  toward 
the  :>  axis  is  initiated  (fig6).  The  neutral 
accumulation  in  the  comer  is  redistributed  both  in 
the  volume  of  the  cavity  towards  the  axis  and  along 
the  wall  by  slip  effect. 

In  the  two  geometries,  the  memory  effect  of  the 
discharge  is  conserved  with  a  minimum  in  neutral 
density  and  a  maximum  in  temperature  in  the 
injection  zone. 
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1.  INTRODUCTION 

It  ie  well  known  that  a  sputter  discharge  is 
one  of  the  most  useful  technique  for  thin  film 
fabrications.  Many  types  of  cathode  materials 
are  used  usually  for  these  purpose  in  the  dis¬ 
charges.  It  is  important  to  obtain  the  high 
quality  films  with  large  area  for  industrial 
applications.  The  requirement  for  the  film 
propertiesdependson  strongly  the  spatial  dis- 
tributuion  of  the  plasma  parameters.  In  sputter 
processing, therefore  it  is  necessaryto  monitor 
and  control  externally  the  plasma  parameters 
during  the  discharge.  Here  we  investigate 
experimentally  the  sputter  discharge,  in  which, 
lanthanum  hexaboride(LjB6)  is  applied  for  the 
cathode  material.  The  application  of  L^Bg  for 
the  cathode  was  proposed  at  first  to  obtain  a 
low  outgassing  wall  for  a  plasma  vacuum 
chamber.  The  experimets  showed  that  the  L^Bg 
coating  by  the  sputter  discharge  on  a  stainless 
steel  wall  is  apparently  effective  to  reduce  the 
oxygen  impurities  in  discharge  gases.  To 
control  oxygen  amounts  in  the  discharge  is 
expectedfor  the  wall  conditioning  for  various 
clean  vacuum  devices.  It  is  obvious  that  the 


cathode  materials  depend  strongly  on  the 
created  film  properties  and  vacuum 
conditions.Many  studies  and  developments 
have  been  carried  out  on  these  problems^^l 
Here,we  inves-  tigate  experimentally 
properties  of  plasma  parameters  during  a 
sputter  discharge. 

II.  EXPERIMENTAL  DEVICE 
The  cross  sectional  view  of  the  experimental 
apparatus  is  shown  schematically  in  Figs.l.The 
sputter  discharge  experiment  is  done  in  the 
chamber,  which  is  made  of  a  stainless  steel  and 
has  a  diameter  of  98  mm,300  mm  in  length. 

In  the  center  of  the  main  chamber  the 


Fig.1.  Experimental  Device 
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lanthanum  hexaboride(La^)  disk  with  a  dia¬ 
meter  of  50  mm  and  5  mm  in  thickness  is 
arranged  for  the  cathode  electrode.  The  anode 
electrode  is  the  stainless-steel  wall  surface  of  the 
discharge  chamber.  The  sputter  discharge  occurs 
between  the  LaBg  disk  cathode  and  the  chamber 
wall.  The  applied  DC  voltage  is  300-2000 
Volts.  The  experiments  were  carried  out  in 
pressures  of  5-200  Pa  Argon  gase.  The  sputter 
discharge  parameters  of  the  electrode  voltage  Vg 
and  the  total  discharge  currently  are  monitored 
with  usual  methods.  In  the  chamber,  elecrostatic 
probe(Langmuir  probe)  for  measurements  of  the 
plasma  parameters  is  set  and  can  be  moved 
externally  along  the  plasma  region.  From  the 
probe  measurements,  local  electron  density, 
electron  temperatute are  deduced.The  plasma 
space  potential  of  the  sputter  discharge  is 
measured  by  using  an  emissive  probe.  The  small 
sample  substrate  for  XPS  measurements  is  also 
installed  near  the  wall  electrode.  Corellations 
between  partial  pressuresand  plasma  parameters 
are  also  analyzed  by  QMS  measurements. 


P=0.9 


III.  EXPERIMENTAL  RESULTS 
The  most  characteristic  point  of  this 
experiment  is  to  apply  the  LaBg  electrode  for  the 
sputter  discharge.  We  use  the  LaBg  cathode  to 
sputter  the  boron  and  create  the  boron  like  films 
on  the  chamber  wall.  Figure  2  indicates  the 
electron  density  distributions  which  is  plotted 
the  saturatin  currently  where  the  electron 
temperature  is  almost  Constantin  this  case.  The 
discharge  conditions  of  the  initial  argon  pressure 
is  P=10  Pa.  The  discharge  parameters  obtained 
here  are  Vg=0.9-1.2  kV,  discharge  current 
Ij=30-70  mA.  The  electron  density  near  the 
cathode  is  estimated  to  be  (3-5)xl0^°  particles 
/cm  .  The  electron  temperature  is  3-4  eV  and  is 
not  affected  remarkably  by  the  discharge 
conditions.  Figure  3  shows  the  XPS  signals. 

The  signals  of  La4p3/2,  Bis,  Ols  and  Cls  are 
detected  from  the  sample  after  the  exposure  to 
the  sputter  discharge  plasma  with  LaBg  cathode. 
REFERENCES  (1)  F.Waelbroeck,  Vacuum,  39,  821(1989). 

(2)  J.Winter,  J.  Nuclear.  Materials,  176&177,  14(1990). 

(3)  T.Mori,  K.Akaishi,  Y.Kubota,  O.Motojiraa,  M.Mushiaki, 
Y.Funato;  J.  Nuclear  Materials.  200,  385(1993).  (4) 

M.Mushiaki,  K.Akaishi,  T.Mori,  Y.Kubota,  Y.Funato  and 
O.Motojima,  Material  Science  and  Engineering,A163, 177(1993). 
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1.  Introduction 


The  magnetohydrodynamic  (MHD)  approach  is  widely 
used  for  describing  various  dynamic  plasma  devices. 
MHD  approach  validity  is  determined,  generally 


speaking,  by  a  smallness  of  the  parameter  E  = - 

OipiL 

(L  is  a  characteristic  spatial  scale  of  the  flow).  For 
<^  «  1  the  plasma  flow  can  be  described  by  the  ideal 
MHD  equations  and  the  effect  of  the  electrodes 
confining  the  plasma  region  by  the  boundary  conditions 
that  for  the  magnetic  field  parallel  to  the  electrodes 
reduces  to  an  ideal  sliding  condition.  Near  the  electrodes 
the  plasma  moves  therewith  along  them  accelerating  or 

decelerating  under  the  Lorentz  force  action  ~[y.6] 


(plasma  is  considered  cold. 


«  1  ).  Near  the 


plasma-surface  interface  near-boundary  layers  arise  (see 
[1,2]  and  references  herein)  where  plasma  viscous 
heating  and  cooling  due  to  heat  conduction  take  place. 
The  Hall  effect  can  play  an  important  role  in  these  layers 
bringing  a  magnetic  flux  to  the  anode  that  leads  to 
plasma  rarefaction  in  the  near-anode  region  and  bringing 
it  off  the  cathode  that  results  in  plasma  compression  in 
the  near-cathode  region. 


As  the  layer  under  consideration  is  assumed  sufficiently 
thin,  one  may  assume  that  along  x  the  total  pressure  has 
time  to  become  uniform,  i.  e. 


^  n 


(1) 


the  total  pressure  Pq  depends  only  on  time  (we  will 
actually  solve  the  problems  where  Pg  is  constant,  while 
density  rtg ,  temperature  Tq  and  magnetic  field  Bq 
slightly)  change  due  to  Joule  heating  and  thermal 
expansion).  Besides  (1),  the  near-wall  layer  dynamics 
will  be  determined  by  the  following  MHD  equations:  the 
equation  of  motion  for  the  velocity  along  y  taking  into 

account  the  action  of  force  ~[y.5]  and  viscosity,  the 

c 

equation  for  magnetic  field  and  equations  for  heat 
transport  for  ion  and  electron  plasma  components  taking 
into  account  finite  electrical  conductivity.  Hall  and 
Nemst  effects,  ion  and  electron  heat  conduction,  heat 
transport  by  current  and  electron-ion  energy  exchange. 
These  effects  depend  on  the  plasma  magnetization 
degree  and  are  determined  by  formulas  [4]. 

At  distances  from  electrodes  less  than  the  ion  Larmor 
radius  we  also  took  into  account  the  kinetic  ion  flows 
into  the  wall  and  thereby  additional  "abnormal" 
viscosity  and  heat  conduction. 


2.  ID  problem 

Assume  that  the  near  electrode  layer  thickness  is  small 
as  compared  to  the  characteristic  dimensions  of  the 
complete  MHD  problem.  Then  for  this  layer  a  time- 
dependent  one-dimensional  problem  can  be  considered 
where  all  values  depend  only  on  the  coordinate 
perpendicular  to  the  surface  and  on  time. 

Assume  that  far  from  the  electrodes  plasma  is 
homogeneous  and  has  the  density  «q=1.5-10'^  cm‘^  the 
temperature  Tq-2&V,  the  magnetic  field  5q=10^Gs 
parallel  to  the  electrode  surface  and  constant  current 
density  j  =±2.4- lO'"’  (the  signs  -l-  or  -  correspond  to  the 
anode  or  the  cathode)  perpendicular  to  the  surface. 
These  conditions  approximately  correspond  to  those  in 
the  region  of  the  MAGO  plasma  chamber  [3]  nozzle. 

Denote  the  coordinate  perpendicular  to  the  surface  as 
X  ,  assume  the  magnetic  field  as  directed  along  z ,  then 
the  electric  field  and  velocity  attained  by  plasma  will  be 
directed  along  y . 


3.  Near-cathode  layer 

The  plasma  mass  which  looses  the  magnetic  flux  and  is 
squeezed  to  the  cathode  is  determined  by  the  relation 


For  small  times,  as  long  as  plasma  viscosity  and  viscous 
heating' are  insignificant,  this  mass  will  accumulate  in 
the  layer  whose  thickness  is  determined  by  magnetic 
diffusion  and  electron  heat  conduction.  Equating  these 
coefficients  and  taking  into  consideration  (2),  one  can 
obtain  self-similar  dependencies  of  the  basic  plasma 
characteristics  on  the  problem  parameters  and  time,  with 
plasma  density  and  thickness  of  this  layer  increasing 
with  time  as 

n  ~  ,  X  ~  .  (3) 

At  the  next  stage  when  viscous  heating  becomes 
essential  the  ion  temperature  is  determined  by  viscous 
heating  due  to  plasma  friction  against  the  wall  and 
increases  as  the  square  of  time,  while  the  viscous  zone 
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scale  will  be  determined  by  the  ion  Larmor  radius.  For 
illustration  of  this  stage  of  the  near-cathode  layer 
evolution  in  our  ID  problem  Fig.  1  presents  profiles  of 
the  values  pertaining  to  time  /  =  1  ps,  when  the  bulk 
plasma  velocities  equal  =1 .610®  cm/s  . 


«,  lO”  cm’’ 
V,  10*  cm  /s 


Fig.  1 .  Near  cathode  plasma  ion  and 
electron  temperatures,  density  and  velocity 

4.  Near-anode  layer 

At  the  initial  phase  of  the  near-anode  layer  evolution  in 
the  MHD  approximation  plasma  is  pushed  out  of  the 
electrode  surface  due  to  the  magnetic  flux  coming  to  the 
surface.  The  time  dependence  of  the  principal  plasma 
parameters  will  be  described  for  small  times,  like  in  the 
near-cathode  layer,  by  self-similar  formulas  (3)  with  the 
difference  that  instead  of  t  we  have  to  substitute 
I  fg  —  /|  ,  where  is  some  time,  i.  e.  in  this 
approximation  density  drops  down  to  zero  during  a 
finite  time.  However,  according  to  the  problem 
conditions,  current  continues  to  flow  through  this  layer. 
A  way  out  from  this  contradiction  is  only  by  attaching 
additional  kinetic  effects  and  considering  small  problem 
scales  for  which  the  MHD  approximation,  strictly 
speaking,  is  not  valid.  We  do  this  taking  into  account 
electron  inertia,  i.  e.  considering  the  scales  ~  C  !  CO  . 

Then  the  near-anode  region  will  contain  plasma  of  a 
low,  but  non-zero  density. 

The  ion  viscous  near-anode  plasma  heating  may  lead  to 
appearance  near  the  anode  of  considerable  electric  fields 
proportional  to  ion  pressure  and  perpendicular  to  the 
surface.  Voltage  differences  along  the  surface  may  lead 
to  magnetic  flux  flow  along  the  anode  and  bring  the 
magnetic  flux  out  of  the  near-anode  layer.  This  2D 
effect  was  qualitatively  taken  into  account  in  our  ID 
computations  in  the  form  of  magnetic  flux  tosses 
through  the  anode  surface  (a  relevant  electric  field  on 
the  boundary  was  set). 

Fig.  2  presents  profiles  of  temperatures,  density  and 
velocity  for  the  same  time  /  =  1  ps ,  as  for  the  near¬ 
cathode  layer  (Fig.  1).  Fig.  2  shows  that  the  density 
decrease  in  the  near-anode  layer  is  not  very  significant 
(due  to  the  magnetic  flux  bringing  out  along  the 


electrode)  and,  as  a  result,  for  large  times  plasma 
velocities  in  the  near-anode  layer  are  not  higher,  than 
those  for  the  bulk  plasma.  For  large  times  the 
characteristic  ion  temperatures  in  the  near-anode  layer 
are  determined,  like  for  the  near-cathode  layer,  by 
squared  plasma  velocity  and  characteristic  spatial  scales 
by  the  ion  Larmor  radius. 


«,  lO'^cm'* 
V,  10®cm/s 


Fig.  2.  Near  anode  plasma  ion  and  electron 
temperatures,  density  and  velocity 
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1.  Introduction 

A  renewed  interest  has  been  devoted  to  the  study 
of  low-pressure  discharges  in  pure  O2  and  in  O2 
with  N2  unpurity,  due  to  the  broadening  use  of 
oxygen  plasmas  in  several  fields,  such  as  etch¬ 
ing  and  surface  treatment  of  polymers,  nitric 
oxides  synthesis  or  silicon  oxidation.  For  in¬ 
stance,  the  plasma-assisted  oxidation  of  silicon  us¬ 
ing  microwave-excited  O2  is  one  of  the  most  promis¬ 
ing  methods  to  form  Si02  films  with  very  small 
damages  on  the  substrate  produced  by  the  charged 
particles  [1],  Moreover,  since  O  atoms  are  the  ac¬ 
tive  species  in  most  of  the  applications,  the  study  of 
dissociation  of  molecular  oxygen  is  a  field  of  current 
interest.  The  concentration  of  O  atoms  has  been 
found  to  be  enhanced  by  the  addition  of  N2  impu¬ 
rity  into  O2  gas,  either  in  the  case  of  microwave 
discharges  [1,2]  or  in  DC  discharges  [3,4].  Here, 
measurements  of  0-atom  concentrations  in  a  O2- 
N2  microwave  discheirge  are  compared  to  the  pre¬ 
dictions  of  a  self-consistent  kinetic  model  including 
both  surface  and  volume  processes.  It  is  shown  that 
wall  atom  reassociation  is  the  dominant  process  to 
control  the  degree  of  dissociation,  so  that  rather 
than  an  increase  of  the  rate  of  dissociation,  the  de¬ 
pendence  of  0-atom  concentration  on  N2  impurity 
is  due  to  a  surface  phenomena. 

2.  Experiment  and  kinetic  model 

A  microwave  discharge  at  w/25r=2.45  GHz  was  cre¬ 
ated  in  a  quartz  tube  100  cm  long  and  0.8  cm  inner 
radius.  The  discharge  input  power  was  kept  con¬ 
stant  at  P=100  W,  which  corresponds  to  a  plasma 
length  of  approximately  5  cm.  The  concentration 
of  O  atoms  has  been  measured  near  of  the  end  of 
the  discharge  by  using  the  electron  spin  resonance 
method  [5],  with  a  spectrometric  calibration  as  de¬ 
scribed  in  [6]. 

A  kinetic  model  for  a  low-pressure  microwave  dis¬ 
charge  was  developed  by  coupling  the  homogeneous 
electron  Boltzmann  equation,  under  the  effective 
field  approximation,  to  a  system  of  rate  balance 
equations  governing  the  populations  of  the  domi¬ 
nant  neutral  and  charged  species  in, a  O2-N2  dis¬ 
charge,  which  includes  the  self-consistent  determi¬ 
nation  of  the  maintenance  reduced  electric  field. 


Both  volume  and  wall  processes  are  considered  in 
the  model.  In  what  concerns  the  latter,  cataljrtic 
sur&ce  effects  are  taken  into  account  for  the  het¬ 
erogeneous  deactivation  of  the  vibrationally  excited 
molecules  N2(X  ^S^,v)  and  for  the  wall  recombi¬ 
nation  of  O  and  N  atoms.  Whereas  the  processes 
of  vibrational  deactivation  and  recombination  of  N 
atoms  are  assumed  first-order  with  constant  proba- 
bilitira  independent  of  the  composition  of  the  mix¬ 
ture  due  to  the  small  percentage  of  N2  impurity,  the 
probability  for  wall  losses  of  O  atoms,  70,  is  derived 
here  using  a  statistical  Monte  Carlo  like  simulation 
of  a  sequence  of  elementary  surface  processes. 

3.  Surface  kinetic  model 

The  model  includes  steps  for  adsorption  and  des¬ 
orption  of  O  and  N  atoms,  irreversible  adsorption 
on  active  sites  of  O  and  N  atoms  and  of  O2  and 
N2  molecules  (that  is  dissociative  chemisorption), 
surface  diffusing  of  reversibly  adsorbed  atoms,  and 
both  recombination  due  to  the  direct  impingement 
of  atoms  from  the  gas  phase  on  chemisorbed  atoms 
(Eley-Rideal  mechanism)  and  recombination  of  dif- 
fusing  atoms  with  chemisorbed,  atoms  (Langmuir- 
Hinshelwood  mechanism).  A  reversibly  adsorbed 
atom  can  either  diffuse  to  the  nearest  site  or  can 
be  desorbed  back  to  the  gas  phase.  The  surface 
is  covered  with  a  small  fraction  of  active  sites  of 
two  types,  which  can  bound  irreversibly  O  and  N 
atoms  separately.  The  independent  occupation  of 
the  active  sites  by  O  and  N  atoms  can  occur  as  a 
result  of  dissociative  chemisorption  of  O2  and  N2 
molecules,  by  atomic  flows  comming  directly  from 
the  gas  phase,  or  by  surface  diffusing  of  a  reversibly 
adsorbed  atom. 

In  practice,  due  to  lack  of  data  the  coverage  of  ac¬ 
tive  sites  is  governed  by  two  independent  Langmuir 
adsorption  isotherms.  In  the  present  conditions, 
the  L-isotherm  for  the  occupation  of  irreversible 
sites  by  O  atoms  is  found  saturated,  whfle  for  the 
atomic  impurity  it  stands  in  its  increasing  part.  In 
this  latter  case,  the  occupation  of  the  irreversible 
adsorption  sites  with  N  atoms  is  mainly  governed 
by  dissociative  chemisorption.  On  the  other  hand, 
the  reversibly  adsorbed  atoms  are  trapped  in  an 
adsorption  well  of  energy  E^,  which  is  assumed  to 
decrease  in  the  vicmity  of  dislike  atoms  due  to  a 
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Fig.l  -  Probability  of  O-atom  recombination  on  quartz 
for  two  L-isotherms  (see  text). 


lateral  repulsive  interaction.  This  effect  has  been 
proposed  for  interpretation  of  experiments  involv¬ 
ing  the  adsorption  of  O  and  H  atoms  on  Ni(llO) 
[7].  Thus,  the  desorption  energy  for  a  O  atom  sur¬ 
rounded  by  a  N  atom  is  significantly  lower  than 
that  corresponding  to  a  0-0  interaction  between 
two  neighbouring  cells,  which  originates  a  higher 
probability  for  desorption  in  the  first  case.  The 
probability  70  rapidly  decreases  with  the  concen¬ 
tration  of  N2  impurity  due  to  a  smaller  efficiency  of 
the  Langmuir-Hinshelwood  mechanism.  This  inter¬ 
pretation  is  suported  by  [8],  where  the  decrease  of 
7o  due  to  the  adsorbed  N  atoms  at  a  glass  wall  is 
evidenced  in  the  afterglow  of  a  O2  pulsed  discharge. 
Finally,  this  model  also  includes  formation  of  NO 
molecules  on  the  wall. 


[N,)/N 


Fig.2  -  Measured  and  calculated  [O]  concentra¬ 
tions  for  p=5  Torr,  and  ne=10‘*(A),  3.8xlO“(B), 
5xlO*^cm“®(C)  (theory),  for  the  two  L-isotherms  as 
in  fig.l. 


[N,l/N 


4.  Results 

Fig.l  shows  the  probability  70  calculated  using  two 
L-isotherms  for  irreversible  occupation  of  N  active 
sites.  The  sharp  decrease  of  70  in  the  range  0—0.5% 
[N2]/[02]  is  governed  by  the  magnitude  of  the  re¬ 
pulsive  potentiEd  for  the  O-N  lateral  interaction, 
whereas  the  position  of  the  minimum  is  mainly  de¬ 
termined  by  the  L-isotherm.  Both  functions  along 
with  the  final  magnitude  found  for  70  are  obtained 
firom  a  fit  of  the  model  predictions  for  the  con¬ 
centration  of  O  atoms  to  the  experiment.  Fig.2 
shows  the  measured  [O]  concentrations  obtained  in 
a  u/2ir=2.45  GHz  microwave  discharge  in  a  quartz 
tube  of  inner  radius  R=0.8  cm  at  p=5  Torr  and 
P=100  W,  and  the  predicted  concentrations  calcu¬ 
lated  for  the  same  values  of  u  /2t,  R  and  p,  three 
different  values  of  the  electron  density  in  the  dis¬ 
charge  n«=10*^,  3.8x10^^  and  5xl0^^cm~®,  and 
Tj=800  K  and  Tu,=400  K  for  the  gas  and  wall 
temperatures,  respectively.  Using  the  present  for¬ 
mulation  the  power  absorbed  by  the;  electrons  per 
length  unit,  PAb»/dz,  is  derived  from  the  model. 
The  magnitude  of  70  has  been  obtained  by  fitting 


Fig.3  -  Predicted  power  absorbed  per  length  unit  as  in 
fig.2. 

the  calculated  [O]  concentrations  using  the  central 
value  ne=3.8xl0^^cm~^.  This  choice  has  been  dic¬ 
tated  from  the  comparison  between  the  predicted 
values  of  dPjtj,/dz,  shown  in  fig.3  as  a  function 
of  the  fractional  N2  concentration,  and  those  esti¬ 
mated  in  the  discharge  ~20  Wcm“^. 
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1.  Introduction 

In  the  contribution  we  report  on  our  study  of  a  two- 
electron  temperature  plasma  flowing  to  a  floating 
collector  surface.  Specifically,  we  are  investigating  its 
floating  potential  dependence  on  various  plasma 
parameters.The  analysis  should  apply  to  the  exposed 
surfaces  in  any  low  pressure,  low  temperature  hot 
cathode  discharge  plasma. 

2.  Theoretical  analysis 

The  plasma  system,  bounded  by  a  plasma  source  (x=0) 
and  a  collector  (x=LJ  is  modelled  after  Schwager  and 
Birdsall  [1].  We  add  in  the  system  a  second  hot 
electron  component  characterised  by  a  truncated  full 
Maxwellian  velocity  distribution  function,/^*, given  by: 

/«/.(v'.f^)  =  -^exp[y]exp  (1) 

In  Eq.(l)  rioeh  is  the  hot  electron  density  of  the  full 
Maxwellian  source,  y/  is  the  normalised  potential 

ed)  ,  .  I  m. 

;  V  is  normalised  electron  velocity  v  - ;  t  is 

the  ratio  between  hot  electron  temperature  T^h  and 
cold  electron  temperature  Tec,  and  H  is  the  Heaviside 

step  function  with  -  y/(,  as  the 

normalised  velocity  of  the  fastest  returned 

electron;  is  the  floating  potential  of  the  collector.  In 
order  to  calculate  the  collector  potential  y/^  and  source 
sheath  potential  drop  y/p ,  we  characterise  the 
potential  between  the  source  and  collector  sheaths  by 
VV/>  =  0.  Setting  the  net  charge  to  zero, 

",  (v'p  )  =  "ec  (v'f  )  +  obtain  the  expression 

which  relates  y/^  and  y/p  : 


y'p  .  y'p  (  \ 

roexpl — jeifc  -J-—  =exp^^i<'pj 


:  l+ed(^y/p  -y/c)  +/?oexp(^-^^  x 


X  1  +  erf 


IV^p  -  ¥c 


plasma  source  densities  fi'om  the  assumption  of  zero  net 
electric  current  (floating  collector): 

Yo  exp(v^c)  +  AVFexp(-^)  .  (3) 

■yjMT  L  ^  ^ 

In  Eq.  3  fi  denotes  ion  to  electron  mass  ratio 
T 

andr  =  — is  the  hot  electron  to  cold  electron 
plasma  source  density  ratio. 

A  second  equation  relating  y/^  and  y/p  is  obtained  by 
assuming  zero  electric  field  at  y/p .  According  to 
Poisson  equation  we  integrate  the  zero  net  charge 

expression: 

0 

-  (4) 

The  resulting  relation  is: 

- 1  - ed(^-y/c)  +  exp(<i^p ){l + edf^y/p  +1 


+—j=^exp 


- 1  -  erf 


{wc){yl-<Yc  - 


\Vp  -¥c. 


+  il+erf 


\¥p -¥c 
t 


We  obtained  the  ratio  ^oOf  the  ion  and  cold  electron 


\Wp -¥c 


The  simultaneous  solutions  of  Eqs.  (4)  and  (5)  are 
shown  as  plots  of  y/(;  and  y/p  as  functions  of  mass 
ratio  for  temperature  ratio  r  =  0.1,  in  Fig.l.  For 
comparison  the  curves  from  [1],  p  o=0,  are  added. 
In  Fig  .2  the  dependence  of  both  potentials  on 
temperature  ratio  r  is  shown  for  argon  plasma  with  cold 
electrons  ,  Po  =  0,  and  with  hot  population  added, 
>90=0. 1  .It  can  be  observed  that  the  potential  drop  through 
the  source  sheath  varies  very  little  with  composition 
ratio  and  mass  ratio,  while  it  depends  slightly  on 
temperature  ratio.  The  collector  floating  potential  as  a 
function  of  hot  to  cold  electron  composition  ratio  in 
argon  plasma,  for  two  values  of  electron  temperature 
ratio,  is  shown  in  Fig.  3.  It  is  mainly  dominated  by  hot 
electrons,  since  already  a  small  value  of  hot  electron 
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current  is  sufficient  to  compensate  the  ion  saturation 


Fig.  1.  The  potentials  and  \f/p  as  functions  of  ion 
mass  ratio. 


Fig.  2.  The  potentials  y/^  and  y/p  as  functions  of  ion 
to  cold  electron  temperature  ratio  for  argon  plasma. 


3.  Simulation  and  experiment 

A  PIC  simulation  code  XPDPl  composed  at  Berkeley 
[2]  was  used  to  study  the  plasma  system.  The  set  of 
fixed  and  variable  parameters  were  similar  to  those 
used  in  [1].  A  second  hot  electron  population  was 
added  to  the  input  file  and  the  mass  ratio  for  argon 
plasma  was  utilised.  A  typical  potential  profile  which 


evolved  in  these  simulations  is  shown  in  Fig.4.  It  is  the 


Fig.  3.  ^Collector  floating  potential  as  a  function  of 
electron  density  ratio  for  argon  plasma. 


Fig.  4.  Simulated  potential  profde  in  argon  plasma 


the  addition  of  hot  electrons  to  the  plasma.The  values  of 
potentials  obtained  from  simulations  for  various  of 
parameters  p,  r,  are  included  in  Figs.  1.,  2.,  3.  They 
are  in  accordance  with  the  results  from  theory.  Also 
included  in  Fig.  3.  are  the  measured  floating  potentials 
of  a  collector  electrode  in  our  laboratoiy  hot  cathode 
discharge  plasma  described  already  elsewhere  [3].  By 
changing  the  working  gas  pressure  in  the  system,  we 
were  able  to  control  the  partial  density  of  primary  (hot) 
elektrons  in  the  plasma.  The  experimental  values  fit  the 
theoretical  and  simulation  results  very  well. 
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Introduction 

The  interaction  between  a  plasma  and  microprotrusions 
on  cathode  surfaces  is  modelled  numerically  [1]. 
Taking  into  account  the  statistical  nature  of  protrusion 
geometries,  this  kind  of  cathode-plasma  interaction  is 
thought  as  to  be  the  key  to  the  understanding  of  cathode 
spot  ignition  in  glows  and  diffuse  arcs,  and  the  motion 
(prograde  and  retrograde)  of  cathode  spots  in  vacuum 
arcs.  The  3-dimensional  time-dependent  model  used  in 
this  work  allows  a  detailed  investigation  of  the  nature 
of  this  interaction.  Of  particular  interest  are  the  ignition 
of  emissive  behaviour  as  a  function  of  tip  geometry  and 
plasma  density,  and  the  physical  processes  governing 
emission  and  erosion.  The  role  of  the  physical 
processes  can  be  used  to  classify  four  major  types  of 
emitters,  with  smooth  transitions  between  their 
emissive  and  erosive  behaviour,  respectively. 

Description  of  the  model 

The  heating  of  ellipsoidal  three-dimensional  (3-D) 
model  microprotrusions  in  contact  with  a  hydrogen 
plasma  is  simulated  in  order  to  achieve  the  time- 
dependent  behaviour  in  terms  of  electron  emission  and 
erosion.  Use  is  made  of  the  rotational  symmetry  in 
order  to  reduce  the  computational  problem  essentially 
to  a  2-dimensional  one.  The  electron  density  is  varied 
in  the  range  of  lO''*  to  10‘’  cm'^  in  order  to  account  for 
many  technically  relevant  plasmas,  including  the 
vicinity  of  cathode  spots.  The  electric  field  in  the 
cathode  fall  region  and  at  the  surface  of  the  protrusion 
is  calculated  from  the  MacKeown  and  Poisson's 
equations,  assuming  a  plasma  bias  (=  cathode  fall 
voltage  drop)  on  the  order  of  300  V. 

The  emission  processes  considered  are:  secondary 
electron  emission  due  to  ion  impact;  field  and  thermo- 
field  (Schottky)  emission  as  formulated  by  Muiphy  and 
Good  [2];  and  evaporation  of  neutral  atoms. 

Heating  of  the  tip  is  taken  care  of  by  considering  the 
energy  balance  of  the  following  processes:  heat 
conduction  cooling;  Nottingham  cooling  or  heating, 
respectively;  evaporation  cooling;  ion  bombardment 
heating  from  the  plasma-cathode  interaction;  and  Joule 
heating.  Melting  and  erosion  of  the  protrusion  are 
taken  care  of  by  different  approximation  methods,  i.  e. 
like  the  stability  of  the  molten  tip  against  Rayleigh- 
Taylor  instabilities  under  the  balance  of  surface  tension 
and  different  pressure  components.  Under  this 
assumption,  an  unbalanced  pressure  leads  to  the 
instantaneous  removal  of  the  molden  surface  layer  at 
the  top  of  the  protrusion,  thus  leading  to  an  additional 
erosion  in  the  form  of  droplets. 


Results 

The  behaviour  of  a  protrusion  heated  by  ion 
bombardment  from  a  plasma  boundary  can  be  best 
understood  by  comparing  the  heat  flux  inside  the  tip 
with  that  of  a  planar  surface  (1-D  simulation).  Figure  1 
shows  the  development  of  the  temperature  along  the 
vertical  axis  for  both  the  1-D  and  the  3-D  case  just 
prior  to  the  onset  of  strong  erosion  of  the  protrusion. 


Figure  1)  Comparison  of  the  temperature  along  the 
vertical  axis  of  a  3-dimensional  tip  (parameters:  see 
legend)  and  the  1-D  case  (planar  surface). 

Due  to  the  spatial  concentration  of  the  energy  flow  in 
the  3-D  case  as  compared  to  the  planar  surface,  the 
heating  is  much  more  effective  and  rapid  for  spatial 
inhomogeneities  on  cathodes  than  for  a  plane  surface 
under  identical  conditions  (compare  e.  g.  [4]). 


current  density  in  A/m^ 


Figure  2)  Current  density  at  the  top  of  a  model  tip  as  a 
function  of  time.  The  arrow  indicates  breakdown. 

It  is  found  that  the  comprehensive  3-D  treatment  of  the 
interaction  of  a  plasma  and  a  “realistic"  cathode  surface 
microprotrusion  leads  to  an  emission  behaviour  (figs.  3, 
4)  which  is  in  accordance  with  experimentally  observed 
breakdown  times  and  fields  [3]. 
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Figure  3)  Time  to  the  onset  of  strong  electron  emission 
and  tip  erosion  ("breakdown")  as  a  function  of  the 
plasma  electron  density  (ionic  power  flux  density),  for 
an  ellipsoiaal  Cu  tip  of  eccentricity  e  =  0.95  and  a 
base  radius  r  of  05  pm. 

Electron  emission  is  governed  by  secondaries  in  the 
early  phase,  and  particularly  Schottky  emission  during 
the  later  stages.  For  the  protrusions  investigated,  the 
field  enhancement  factor  B  at  the  tip  of  the  protrusion  is 
only  moderately  enhanced  (by  a  factor  on  the  order  of 
30)  over  the  macroscopic  field  strength.  Therefore,  the 
macroscopic  electric  fields  necessary  for  ignition  of 
emissive  behaviour  are  considerably  lower  than  those 
responsible  for  pure  field  emission.  For  a  high 
eccentricity  of  the  tip  e  >  0.95,  however,  breakdown 
occurs  very  rapidly  (figure  4),  indicating  the  early  onset 
of  strong  field  emission  and,  hence.  Joule  heating,  as  is 
expected  for  typical  field  emitters  ("explosive  emission" 
[4,  5]).  A  comparative  study  was  made  to  evaluate  the 
significance  of  ion  bombardment  heating  during  the 
heating  process  leading  to  the  ignition  (triggering)  of 
breakdown.  For  this  purpose,  the  ion  current  was 
intentionally  "switched  off  during  the  calculations;  the 
results  are  shown  in  figure  5  in  comparison  to  those 
with  the  ion  current  "switched  on". 


time  in  s 


eccentricity 

Figure  4)  Time  to  breakdown  as  a  function  of  the 
eccentricity  of  the  emitter  of  figure  2. 


It  is  obvious,  for  the  tip  geometry  and  parameter  range 
investigated,  that  ion  bombardment  heating  is  essential 
for  the  ignition  of  emissive  (and  hence,  erosive) 
behaviour  for  a  large  range  of  densities. 


Figure  5)  Comparison  of  field  emission  triggered 
breakdown  ("without  ions")  and  ion  heating  triggered 
breakdown  of  a  model  Cu  protrusion. 


From  the  temporal  development  of  the  emissive  and 
erosive  behaviour,  a  classification  can  be  made  as  to  the 
prevailing  physical  processes  fw  a  specific  tip  and  a 
distinct  set  of  parameters.  In  essence,  four  different 
kinds  of  emitters  can  be  distinguished: 

0  quasi-stationary  (>ps)  thermionic  emission  with  slow 
evaporation 

o  non-stationary  thermionic  emission  with  strong 
evaporation  and  loss  of  liquid  phase  material 
0  quasi-stationary  field-emission  dominated; 

slow  evaporation,  no  loss  of  liquid  phase  material 
o  non-stationary,  extremely  fast  explosive  destruction  of 
the  emitter,  field-emission  dominated  in  early  phase. 
In  effect,  quasi-stationary  and  explosive  emission  and 
erosion,  respectively,  are  included  as  extreme  cases. 

Conclusions 

The  interaction  of  cathode  protrusions  and  a  plasma 
has  been  simulated  for  ellipsoidal  model  tips.  It  is 
shown  that  ion  bombardment  -heating  of  cathode 
protrusions  immersed  into  a  biased  plasma  is  essential 
in  cathode  spot  ignition.  It  leads  to  emissive  behaviour 
of  microprotrusions  in  a  wide  range  of  parameters 
where  field  emission  alone  fails.  The  numerical  results 
concerning  breakdown  delay  and  electric  field 
strength/plasma  density  are  in  good  agreement  with 
experimental  results  from  different  authors. 
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Abstract 

We  present  a  study  of  instabilities  and  of  ^xxitaneous  extinctions  which  occur  in  low  current  DC  arcs  between  metal  electrodes.  Two 
tJi^rrtiral  mo^ls  for  the  behaviour  of  emitting  sites  on  the  catliode  surfaces  are  proposed.  Both  models  are  in  agreement  with  experimental  results 
and  >aeld  equal  \alues  for  the  charges  required  for  crater  formation  on  a  given  cathode.  This  charge  is  rou^ly  proportional  to  the  third  power  of  the 
crater  dimension  revealed  by  SEM  observation.  ^ 


introduction 

Phenomenological  studies  of  the  instabilities  of  arcs  burning  in 
air  have  been  made  [1-5].  Thus,  h  is  important  to  distinguish  forced 
extinctions  provoked  by  external  causes,  such  as  current  vanishing,  from 
natural  extinctions  (self  extinrtions)  which  happen  without  any  change  in 
external  conditions.  Natural  arc  instabilities  and  spontaneous  extinctions 
in  low  ^rrent  free  burning  arcs  appear  as  voltage  pulses,  and  the 
obserc’atiOT  of  this  fluctuations  with  fast  recorders  shows  that,  when  the 
average  time  between  individual  phenomena  becomes  sufficiently  large, 
the  noise  resolves  in  short  unipolar  voltage  pulses  [4]. 

In  other  studies  [5],  the  shape  of  the  voltage  increase  is 
significantly  dependent  of  the  cathode  material.  In  particular,  the 
presence  of  o.Kide  mixed  with  a  silver  matrix  yields  a  slope  change  in  the 
voltage  inaease.  A  consistent  hypothesis,  [4-5],  assumes  that  each  pulse 
is  related  to  a  ^x)t  exlindion.  The  voltage  pulse  associated  with  this 
extinction,  whose  mechanisms  are  strongly  related  to  the  cathode 
thermal  and  electrical  prc^ierties,  is  reproducible  and  exhibits  a  standard 
shape  for  the  voltage  increase. 

The  statistics  of  self  extinctions  and  instabilities  are  established 
by  means  of  electrical  hi^  ^leed  devices. 

At  low  cuirent  and  without  care,  the  first  self  extinction  blows 
out  the  arc.  ^  by  using  a  constant  current  circuit  which  reigiites  the 
arc  after  extinction,  we  can  have  an  apparently  steady  arc.  Thank  to 
repetitions,  we  are  able  to  cumulate  dau  on  many  individual  events. 
With  a  well  defined  ^gger,  given  by  the  voltage  pulse,  we  record  the 
fast  evolution  of  physical  parameters  as  functions  of  time. 

Experimental  set-up 

The  electrodes  are  cylinders  3  mm  in  diameter  and  5  mm  long 
the  inter-electrode  gap  is  l-6mm  long  the  electrode  axis  is  horizontal 
and  the  electrode  holders  are  water  cooled,  the  electrical  circuit  is 
especially  designed  for  decoupling  the  arc  from  the  electrical  DC  pcjwer 
s^jply  (fig  1.).  a  capacitor  c  (5nF)  is  sufficient  to  achieve  this 
decoupling  for  fast  signals,  the  low  inductance  resistor  r  is  an  air  cooled 
carbon  cylinder,  the  inductance  of  the  fast  response  part  of  the  circuit, 
including  the  arc,  is  less  than  30  nH.  the  stray  capacitance  of  the  arc 
electrodes  is  equal  to  60  pF.  the  dc  power  supply  has  2  kV,  4  A  power 
capability,  this  high  voltage  is  necessary  to  induce,  through  the 
d^i^ling  circuit,  subsequent  reignition  after  arc  extinction,  due  to  the 
circuit  configuration,  at  the  extinction,  the  arc  voltage  jumps  with  an 
amplitude  equal  to  foe  resistance  voltage  dre^  R.I.  later,  the  capacitor  c 
charges  with  an  initial  slope  of  voltage  ecpial  to  i/c.  with  foe  chose  value 
of  capacitmee,  foe  elapsed  time  between  extinction  and  the  subsequent 
reigjiition  is  of  foe  order  of  microseconds,  the  arc  voltage  is  measured 
throu^  a  fast  voltage  divider  (probe  Tektronix  p  6057)  with  1.3  GHz 
bandwidth  and  50  fl  input  resistance  in  series  with  a  10  nF  capacitor,  for 
the  measurement  of  foe  arc  voltage,  we  use  a  fast  recorder  (Tektronix 
DSA602)  400  MHz  bandwidth,  for  statistical  measurements,  we  use  a 
fast  counter  (Racal  Dana)  havdng  6  ns  dead  time.  Fig  2  shows  a  typical 
voltage  pulse  related  with  an  arc  extincUon.  Due  to  foe  time  constant  of 
foe  fast  reorder  input  circuit  (10  nF,  500  0,  hi^  pass  filter),  some 
differentiation  occurs,  changing  foe  baseline  of  foe  record  This  appears 
on  fig  2  as  a  baseline  lowering  of  0.3  V  at  foe  md 

Experimental  results 

Silver  (Ag)  and  Gold  (Au)  electrodes  materials  are  tested. 


1-  The  voltage  appears  as  DC  superinposed  with  unipolar 
pulses.  Physical  recordings  are  shown  on  fig  3.  The  recorded  vottage 
shows  many  pulses  with  randomly  distributed  amplitudes  but  the 
resolution  of  foe  recorder  does  not  enable  us  to  see  fluctuations  of  very 
low  anplitudes.  On  the  ri^it  side  of  foe  fig,  foe  large  anplitude  step 
correpoads  to  a  (Xtmplete  self-extinction  of  the  arc. 

With  a  faster  recording  peed,  in  accumulation  mode,  fig  4 
shows  that  the  vottage  increase  rate  is  almo.st  foe  same  for  all  pulses, 
either  short  or  long  extinction  voltage  pulses. 

2-  Using  a  fast  response  current  transformer  (0.5  GHz 
bandwidth)  in  senes  with  the  arc  enables  us  to  record  foe  arc  current 
evolution,  fig  5.  The  conparison  with  foe  voltage  measurements  shows 
the  ohmic  behaviour  of  foe  arc  supply  circuit  as  stated  above.  The 
current  drops  near  zero  in  less  than  20  ns. 

3-  For  pulse  statistics  measurements,  foe  voltage  divider  is 
connetied  to  a  variable  threshold  counter.  The  threshold  is  set  to  zero, 
but  due  to  input  hysteresis  ciraiit,  it  corresponds  to  an  effective  20  mV 
threshold,  thus  rejecting  the  arc  voltage  noise. 

Statistical  approach 


1-  A  previous  study  [4]  allowed  us  to  propose  a  theoretical 
model  which  explains  the  eperimental  results  obtained  in  arc  duration 
measurements.  We  have  proposed  a  model  for  foe  emitting  site  temporal 
behaviour  in  foe  low  current  cold  cathode  arc,  freely  bummg  in 


<T>=  Tn 


I 

’’o- 

exp 

‘0  i 

where  /  is  foe  arc  current,  Tq  is  foe  spot  life  pan-and  /«  foe  mean  current 
per  spot 

If  /  »  /q,  we  can  write ; 


log<  r  >  =  IogTQ  - 


On  fig  6,  the  logarithm  of  the  mean  life  time  of  an  arc  is  plotted 


vs.  arc  current  for  Ag  and  Au.  Table  I  collects  foe  values  for  I q,  Tq 
obtained  from  foe  fit  of  experimental  results  to  foe  model  We  introduce 
9O  =  /QTjjasa  characteristic  parameter  for  foe  cathode  material. 


Materia] 

T’o  W 

In  [A] 

qn[C] 

_ Ag 

60 

0.58 

3.48  10'^ 

Au 

2.4 

0.52 

1.25  10-° 

Table  I 


2-  The  average  frequency  of  spots  extinctions  can  be  defined 
as .' 


where  n  is  foe  mean  number  of  emitting  pots. 

From  the  slope  of  plotted  curves  (fig  7  ).  we  deduce  foe  qO 
parameter.  Table  II  collects  foe  results  for  both  Ag  and  Au. 
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Material 

qnici 

Ag 

3.26  lO'-^ 

.Au 

1.13  10'“ 

TabI 

oil 

Discussion 

The  values  of  q  corresponding  to  botli  models  for  one  metal  are 
in  agreement.  The  differences  between  values  of  q  for  Ag  and  Au  are 
mainly  due  to  spot  life  span  differences.  For  botli  metals,  the  average 
airrents  per  spot  I  are  relatively  close. 

U'e  assume  that  the  thermodynamical  properties  of  both  metal 
(.Ag.  .Au)  are  close  (latent  heat  of  fusion  and  vaporisation,  heat 
conduction, ...  )aswell  as  the  energy  of  ions  impinging  tire  cathode. 
Therefore,  the  value  of  tire  ratio  of  electric  charges  is  close  to  that  of 
eroded  masses. 

Assunring  a  geometrical  similitude  in  the  craters  shape  for  both 
metals  the  atomic  volume  being  almost  the  same,  the  ration  of  crater 
radius  is  the  third  root  of  the  charge  ratio  .• 

'b.-lg  /'b.Ttr  ~  f-'o.Tg  1‘hAu 

Both  models  yield  a  ratio  of  radius  values  near  3.  By 
observation  with  a  scraiming  electron  microscope,  tlie  ratio  of  the 
diameters  of  craters  is  close  to  that  value  :  3pm  for  Ag  and  1  pm  for  Au. 
See  photographs  1-2.  This  is  agreement  witli  tlie  hypothesis  of  an  equal 
erosion  rate  as  expressed  in  volume  per  charge. 

The  current  densities  are  deduced  from  the  observed  craters 
dimensions  by  the  relation  ; 

V.’e  obtain  for  Silver  (.Ag).  /=8  10*®  Am'^,  and  for  Gold  (Au), 
y=6.4  10**  .Am‘2 

Conclusion 

Comparison  of  the  erosion  characteristics  of  two  metals  having 
dose  properties,  chemical  or  atomic,  yields  a  common  medianism  for  the 
interaction  with  the  arc  plasma  in  the  cathode  spot,  and  the  same  eroded 
volume  of  material  per  charge  unit.  This  is  confirmed  by  two  evaluations 
methods  of  charge  per  spot  and  by  microscope  observation  of  catliode 
spot  trace. 
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INTRODUCTION 

The  breakdown  phenomenon  observed  between 
a  plasma  and  a  wall  is  an  arc  discharge.  This 
phenomenon  has  been  investigeted  by  many 
researchers  0)-(5).  In  this  paper,  the  breakdown 
phenomena  between  the  plasma  beam  and  the 
plate  electrode  were  investigated,  and  its  results 
were  compered  with  a  theoretical  analysis. 

It  has  became  clear  that  the  breakdown 
characteristics  depend  on  the  discharge  conditions 
and  the  developments  of  craters  produced  by 
the  arc  discharge  on  the  cathode  surface 
retrograded  to  the  drift  direction  of  E  X  B.  This 
breakdown  characteristics  is  very  similar  to  the 
property  of  a  unipolar  arc  observed  in  the 
nuclear  fusion  device. 

EXPERIMENTAL  APPARATUS 

The  hydrogen  plasma  beam  was  formed 
through  a  2  mm  diameter  orifice  by  the 
differential  evaporation  as  shown  in  Fig.l.  The 
density  of  plasma  beam  was  ~10^^  cm*^  The 
gas  pressure  was  in  the  range  of  lO'^^lO-^ 
Torn  The  plate  electrode  consisted  of  10  cm 
length  and  7  cm  width,  and  this  electrode  held 
to  the  distance  of  1.5  cm  from  the  plasm  beem  to 
the  radial  direction,  and  was  electrically  floated. 

The  electrode  material  was  aluminium.  The 
magnetic  field  of  500  G  was  applied  to  the 
plasma  beam  direction.  A  negative  DC  voltage 
was  applied  on  the  electrode.  The  current 
pulse  due  to  an  are  discharge  was  observed 
by  a  current  probe. 


Flo.  1  Experamentat  apparatus 


EXPERIMENTAL  RESULTS 
When  the  DC  applied  voltage  reaches  50  ~ 
300  V,  the  breakdown  occurs  and  the  breakdown 
characteristics  depend  on  the  plasma  beam 
current,  gas  pressure,  magnetic  field  and 
electrode  materials.  The  typical  oscillograms  of 
currci|t  and  photon  pulses,  of  the  arc  are  shown 
in  Fig!  2,  and  the  time  variation  of  appearances 
of  arcs  is  shown  in  in  Fig.  3.  The  frequency 
of  appearances  decreased  with  time,  but 
increased  again  after  stoppage  of  applied 
voltage  on  the  gap.  And  the  more  stoppage 
time,  the  more  the  frequency  of  appearances. 
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(a)  Pre-breakdown  pulse,  20/ta/dlv' 


Fig.  2  Typical  oscillograms  of  Ihe.  arc 
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The  space  potentials  in  the  gap  are  shown 
in  Fig.4.  The  space  potentials  are  about 
constant  from  plasma  beam  to  near  cathode  and 
the  vicinity  of  cathode  forms  a  sheath.  The 
craters  due  to  the  arc  were  observed  on  the 
cathode  surface. 


time  [  s  ] 


Fig.  3  Time  variation  of 


appearances  of  arcs 


distance  from  plasma  [mm] 


.  Rg.  4  Distributions  of  the  space 
potentials  In  the  gap 

DISCUSSIONS 

From  a  unipolar  arc  theory  of  the  discharge 
mechanism  between  a  plasma  and  a  wall,  the 
ion  current  density  ji  at  the  boundary  of  the 
plasma  and  the  ion  sheath  is, 


where  ni  is  ion  density,  qi  is  ion  charge,  k  is 
Boltzmann  constant,  Te  is  electron  temperature 
and  mi  is  ion  mass,  respectively. 

On  the  other  hand,  if  the  voltage  difference  of 
the  plasma  beam  and  the  plate  electrode  is  Vsf, 
the  electron  current  density  jc  to  the  wall 


direction  is, 

■i  e  ^  e  ^  e 


* 


where  ne  is  electron  density,  qe  is  electron 
charge  and  me  is  electron  mass,  respectively. 

The  unipolar  arc  is,  however,  monopolar  arc, 
and  is  electrically  float.  So,  the  sum  of  jc  and  ji 
becomes  0  by  offsetting  each  other. 

From  equations  (1)  and  (2),  Vsf  is. 


where  d  e  and  S  i  are  ratios  of  secondary  electron 
emission  on  the  cathode  surface  by  the  electron 
and  the  ioh(*). 

If  it  is  assumed  that  unipolar  arcs  generate  at 
the  voltage  of  Vsf,  the  electron  emitted  from  the 
cathode  surface  return  to  the  cathode  again. 
And  this  electron  circulation  forms  a 
circulation  current,  that  is. 


The  density  of  a  cathode  spot  can  be  calculated 
numerically  from  the  value  of  experimental  results 
by  the  equation  (4).  The  results  of  the 
calculation  are  shown  in  Table  1.  From  the 
results,  the  density  of  the  cathode  spot  is  10” 
cm  -3 .  and  this  value  is  nearly  equal  to  that  of 
the  vacuum  arc  spot. 

Table  1.  Results  of  calculation 


sheath  potential 

7.58  V 

circulation  current 

60  A 

cathode  spot  plasma  density  jq”  cm 
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Introduction 

Last  time  due  to  hypersonic  airdynamics 
rapid  development  and  plasma  applications  to 
airdynamical  characteristics  improvement  [1],  the 
consideration  of  the  process  of  keV-  charged  particles 
m(Hnentum  accommodation  at  their  collision  with 
surfece  becomes  actual.  In  proposed  work  an  attempt 
of  development  of  the  theory  for  accommodation 
coefficient  of  normal  and  tangential  momentum 
projecticms  of  light  low  energy  ion  under  their  oblique 
incidence  on  the  amorphous  solid  body  surfece  is 
presented. 

General 

The  developed  theory  based  on  the 
approximate  analytical  solution  of  Boltzmann  kinetic 
equation  for  ion  distribution  function  in  solid  body 
opined  in  [2]  vdiich  takes  into  account  both  electron 
and  nuclear  stopping.  The  analytical  formulas  for  the 
calculation  of  the  accommodation  coefficients  of  the 
ncxmal  and  tangential  momentum  projections  a,  and 
,  respectively  have  been  obtained. 

The  calculations  of  these  values  for  the  case 
of  protons  collision  with  surfeces  of  various  elements 
from  Be  to  Pt  have  been  performed.  The  simple 
approximation  formulas  describing  obtained  results 
(with  1-2  %  accuracy)  in  the  wide  region  of  incident 
ion  energy  -  from  several  hundreds  of  eV  to  several 
keV  -  and  for  incident  slopes  -  from  0°  to  70°  -  have 
been  evaluated. 

It  appeared  that  under  the  considered 
conditions  a^wl,  which  is  caused  by  high 

isotropization  of  the  ion  in  the  solid  body  due  to  elastic 
collisions  with  atoms.  The  value  of  a„  increases  at 
incident  slope  increase  (Fig.l)  and  ion  energy  decrease 
(Fig.2,  3)  which  is  caused  by  back-scattering 
coefficient  and  average  energy  increases.  As  the 
example  in  Fig.  1  given  the  cases  :  1  a),  1  b) 
H"  W ;  2  a),  2  b)  H"  ^  Ag;  3  a),  3  b)  H"  ^  Ti; 

4  a),  4  b)  ^  Si  where  a)  and  b)  represents  the 
results  of  calculations  a„  as  the  function  of  angle  of 
protons  incidence  So  analytical  and  approximation 
formulas  respectively.  In  Fig.2  the  value  of  a„  is 
plotted  against  energy  of  the  incident  protons  E,  for 


the  cases:  1  a),  I  b)  W  ;  2  a),  2  b)  ^  Ag 
wdiere  a)  and  b)  represents  the  results  of  calculations 
a,  as  the  function  of  energy  of  incidence  Eq  by 
analytical  and  approximation  formulas  respectively. 


•  1  a 


0  500  1 000  1 500  2000  2500  3000  3500  4000 


%eV 

Fig.  2 

The  Fig.3  shows  the  same  value  for  cases:  1  a),  1  b) 
^  Si;  2  a),  2  b)  ^  Ti.  For  all  considered 
cases  under  the  obtained  conditions  lies 

between  1.25  and  1.05. 
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Introduction 

The  processes  of  interaction  of  a  plasma  with  a  surface 
play  an  important  role  in  the  formation  of  plasma 
prqjCTties.  In  particular,  this  concams  the  processes  of 
the  mass  transfer  through  a  plasma-wall  boundary, 
namely,  of  the  sputtCTing  and  backscatta'ing,  as  a 
result  of  which  atans  of  the  wall  mataials  enta  into 
the  plasma  and  undago  the  ionizatiai .  At  a  sufiScient 
intensity  of  such  a  process,  the  quantity  of  these  ions 
grows  so  that  self-sputtaing  becomes  the  main  &ctor 
of  entering  impurities  into  a  plasma.  The  present  wak 
is  devoted  to  &e  development  of  the  analytical  theory 
of  backscattering  by  the  surfece  of  an  amorphous  solid 
of  its  own  low-enagy  ions  at  their  normal  incid^ice. 
This  theory  will  allow  one  to  take  into  accoimt  a  role 
of  backscattaing  in  a  self-sputtaing  process  and 
enable  one  to  develop  the  adequate  theory  of  this 
process. 

General 

The  theory  is  based  on  the  approximate  analytical 
solution  of  the  Boltzmann  kinetic  equation; 

.^3i^+S(v)9(z,v,„)  = 
dz 

=  —  Jd\[f '  J  dq'  /-^8(p,o  -^)2(v')<P(2»  v',q')dv' 

U  0  -1  vV  V 

whae  9(z,v,q)  is  the  distribution  function  of  the  ion 
flux  in  a  solid;  E(v)  is  the  invase  mean  free  path  of 
the  ion  relative  to  elastic  collision  with  atoms  at  the 
given  velocity  v ;  z  is  the  coadinate  measured  from 
the  surfece  along  the  inward  normal  to  this  surfece  ; 
Po  is  the  cosine  of  the  angle  of  scattering;  q ,  \|/ 
andq'  ,9'  are  polar  and  azimuth  angles  before  and 
afta  a  collision,  respectively.  The  solution  of  this 
equation  was  obtained  by  the  known  method  of 
"genaations”  [1]  and  permitted  us  to  calculate  the 
distribution  function  fa  the  flux  of  backscattaed  ions. 
The  integral  and  diffaential  characteristics  of  the 
backscattering  (the  reflection  coefBcient  of  the 
particles  Rn  and  the  enagy  reflection  coefBcient  Rg, 
the  distribution  function  of  the  ion  flux  ova  the  angles 
F(  0  )  and  enagy  F(E)  of  outgoing  particles),  as  well 
as  the  twice  diffaential  charactaistics  (their 
calculation  even  by  the  method  of  computer  simulation 
is  a  sufficiently  difficult  task)  wae  obtained  in  terms 
of  the  distribution  function  of  the  flux.  The  conducted 


analysis  showed  that  the  particles  scattered  in  flie  first 
monatomic  laya  of  the  solid  are  completely  absait  in 
the  flux  of  backscattaed  ions  at  any  type  of  the  surfece 
barria.  The  backscattering  flux  is  formed  only  owing 
to  the  particles  penetrated  into  the  dq)th  of  flie  solid. 
Note  that  the  developed  theory  does  not  involve  fitting 
parameters.  Comparisai  of  the  integral  and 
diffaaitial  characteristics  of  the  backscattaing 
calculated  in  this  wak  with  fliose  obtained  in  [2] 
the  computa  simulation  based  on  the  Monte-Carlo 
method  fa  diffaent  elemaits  was  perfiamed.  Our 
results  proved  to  be  in  the  satisfectay  agreemait  with 
these  data  (Figs.  1-4)  ova  a  wide  range  of  the  initial 
parameters  (the  enagy  of  incident  iais,  the  diarge  of 
the  atom  nucleus ,  the  surfece  binding  enagy)  : 

1)  Fig.  1.  -  Rn  fa  C^,  1)  -  Ref.  [2],  2)  -  this  work; 

2)  Fig.2.  -  Re  fa  Si"^,  1)  -  Ref  [2],  2)  -  this  wak; 

3)  Fig.3.  -  F(E)  fa  at  Eo=100  eV:  1)  -  Ref  [2], 

2)  -  this  work; 

4)  Fig.4.  -  F(E)  fa  at  Eo=1000  eV:  1)  -  Ref  2, 

2)  -  this  wak. 


Fig.l 


XXm  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


IV- 174 


Formation  of  supersonic  atom  flux  in  the  cathode  region  of  vacuum  arc. 

Yu.D.  Korolev  and  A.V.  Kozyrev 

High  Current  Electronics  Institute  of  RAS,  Russia,  634055,  Tomsk 


Introduction 

In  this  paper  it  is  called  attention  to  an 
original  mechanism  for  formation  of  neutral  atom 
flux  at  the  cathode  voltage  drop  boundary,  which 
may  be  realized  in  some  types  of  vacuum  arcs.  It  is 
possible  when  a  neutral  atoms  vaporize  from  the 
cathode  surface,  and  after  that  its  ionization  occurs 
in  the  cathode  voltage  drop  region.  In  particular,  a 
low-current-density  arc  or  so  called  “diffuse  vacuum 
arc”  satisfies  this  condition  [1,2]. 

In  [1]  it  was  shown  that  an  electrical  potential 
profile  can  be  nonmonotonic  at  the  near-cathode 
regions.  This  profile  and  particle  fluxes  are  shown 
schematically  in  Fig.  I . 


■  The  length  of  the  cathode  voltage  drop  region, 
Ic  ,  is  certainly  shorter  than  all  mean  free  paths. 
However,  the  ionization  of  the  atoms  moving 
through  this  region  in  the  .x-direction  may  occur 
since  it  is  produced  by  chaotic  energetic  electrons 
from  the  cathode  flare  plasma,  which  may  enter  the 
region  04.  The  probability  for  the.  ionization  is 
determined  by  the  electron  temperature  in  the 
plasma,  T^,  and  the  time  required  for  an  atom  to  fly 
through  the  layer  04  .  Ionized  atoms  as  an  ion 
current  will  be  returned  to  the  cathode  surface  by 
the  strong  electric  field. 

At  first,  let  us  consider  the  ionization  of  a  unit 
atom  evaporated  from  the  cathode  surface  in  its 
motion  through  the  space  charge  layer  of  4.  Since  4 
is  much  shorter  than  the  mean  free  path  of  the  atom 
until!  its  collision  with  another  lieavy  particle,  the 
atom  \'elocity,  r,  will  not  change  within  the  Icnth  4  - 
However,  the  atom  can  be  ionized  by  one  of  the 
thennal  electrons  pre.sentcd  in  the  potential  well.  The 


average  number  of  ionizing  collisions,  q,  that  may 
occur  throughout  the  length  4  is  determined  from 
equation: 

q(vj  =  (k/vj- n^(x)dx,  (1) 

where  ki(TJ  is  the  ionization  constant.  It  is 
important  that  the  number  q  varies  in  inverse 
proportion  to  the  velocity  v.  If  q  is  the  average 
number  of  collisions  within  the  distance  01^  then  the 
probability  for  collisionless  passing  of  this  way  P(v) 

is  I 

«  P(v)  =  exp(- const /v  ). 

It  means  that  the  slow'  atoms  will  be  largely 
ionized  within  the  layer  04.  and  the  fast  atoms  will 
largely  pass  this  region  without  ionization.  Thus,  at 
the  outer  boundary  of  the  cathode  space  charge 
layer  a  flux  of  the  fast  atoms  will  be  formed.  Below 
the  simple  1  -D  theory'  of  this  process  is  presented. 


Theory 

It  is  known  that  the  velocity  distribution 
function  of  the  evaporated  atoms  is  1-D 
Maxwellian: 

f(v^)  =A  e\p{  -Mv-,r/2kT^) . 

At  the  evaporative  surface  the  average  atom 
velocity  of  mass  M  is 

.  Then  it  is  convenient  to  write  all  equations 
using  the  dimensionless  velocity  V  =  \\A’a,-  So  that 
the  normalized  1-D  Maxwell  distribution  function  is 

/oOO  =(2/rt)-exp(-\A/n)  .  (2) 

The  probability  for  collisionless  passing  of  the 
cathode  layer  is 

P{JO=expf-0/IO.  (3) 

where  Q  =  qfv^iJ  is  determinated  by  (I).  Then  at  the 
outer  boundary  of  the  cathode  space  charge  layer, 
.v=4,  the  defonned  distribution  function  is 

/oO'J  =P0')/o(V)  = 

-  (2/k)  ■  cxpl  -  (]  -yn)  -  Q/VJ  .  (4) 
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In  Fig. 2  these  functions  for  the  some  different 
Q  are  shown.  The  distribution  function  shows  a 
supersonic  particle  flux  because  the  slow  particles  are 
completely  absent.  As  evident  from  the  figure,  the 
value  of  V,  which  corresponds  to  maximum  of 
distribution  function,  grows  as  Q  rises.  This  growth 
is  correlated  to  decreasing  of  the  total  number  of 
atoms.  Only  the  some  part  G  of  initial  atom  flux  can 
reach  a  point  jc=4  without  ionization: 

OO 

GfQJ  =f/Qryjdy=  (5) 

0 

-  exp{-SfQV4;rj''^}. 

The  average  velocity  IV{Q)  of  this  part  of 
flux  can  be  found  from  equation; 

OO 

=(l/G)\v/Q00-dV^  (6) 

0 

(1/G)-  exp{-Q/7^'-}. 

In  order  to  find  G(Q)  and  IVfQJ  in  an 
explicit  form  the  dependence  n^fxj  which  is  present 
in  equation  (1)  must  be  known.  It  is  rather 
complicated  task.  However,  for  some  problems  it  is 
quite  sufficient  to  know  a  dependence  IVfGJ  which 
can  be  used  as  one  of  the  boundary  conditions  for 
the  plasma  expansion  theory. 

The  equations  (5)  and  (6)  can  be  considered  as 
the  function  fVfGJ  which  is  given  in  parametric 
representation  (O  is  parameter).  Such  a  function  is 
shown  in  Fig.3.  Of  particular  value  is  the  universal 
character  of  this  function  because  it  does  not  depend 
on  either  a  potential  profile  ^fxj  or  an  electron 
distribution  He('xJ  within  the  cathode  layer.  Of 
special  note  is  the  very  convenient  approximate 
analitical  form  of  the  relationship  fV(G),  which  has 
the  relative  accuracy  within  +  1 0%. 
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1.  Introduction 

In  the  past  decade,  there  has  been  increasing 
interest  in  the  deposition  of  a  special  form  of  carbon 
films  which  are  hard,  dense,  electrically  insulating  and 
optically  transparent.  These  films  have  been  called 
“diamond-like”  [1]  and  have  been  obtained  essentially 
through  ion-beam  deposition  techniques.  The  Arc  Ion 
Plating  (AIP)  process  is  considered  as  one  of  the  most 
advanced  processes  among  the  ion  and  plasma  assisted 
vacuum  coating  technologies. 

The  generation  of  micron-sized  particles  in 
such  systems  prevents  the  widespread  applications  of 
the  diamond-like  carbon  (DLC)  films  produced  using 
this  technique.  Therefore,  this  work  aims  at  the  control 
of  the  emission  of  these  macro-particles  from  the 
cathode  using  combined  magnetic  field  configurations 
in  a  continuous  AIP  system  and  without  the  use  of  any 
filtration  system.  Radial  magnetic  field  (Br  =  0.03  T) 
was  applied  parallel  to  the  erosion  surface,  using 
permanent  magnets,  to  rotate  the  arc  spot  in  a  circular 
pattern.  At  the  same  time,  Helmholtz  coils  were  fixed 
around  the  electrodes,  generating  constant  axial 
magnetic  field  intensity  of  0.14  T  between  the 
electrodes  to  confine  the  arc  and  increase  the  plasma 
density  over  the  cathode  surface. 

At  constant  radial  magnetic  field  intensity, 
various  graphite  cathode  materials  show  different  spot 
velocities,  ion  flux  and  macro-particles  emission  due  to 
the  changes  in  their  surface  properties.  Surface 
property  effects  of  the  various  of  all  graphite  cathode 
used  in  this  work  were  described  previously  [2]. 

2.  Results 

2.1  Cathode  erosion  rate 

From  the  previous  study  [2],  the  arc  spot 
velocity  was  found  to  be  increasing  with  the  decrease  in 
cathode  pore  size  at  constant  magnetic  field  intensity. 
In  this  work,  the  effect  of  material  px)rosity  on  the 
cathode  erosion  rate  is  investigated  for  two  cases,  with 
and  without  Helmholtz  field.  In  both  cases,  the  erosion 
rate  was  found  to  increase  with  the  increase  in  the  pore 
size.  With  the  case  of  using  Helmholtz  field  (BH  =  0. 14 
T),  the  erosion  rate  is  found  to  be  lower  than  that 
without  the  magnetic  field  confinement  (BH  =  0).  The 
study  of  the  major  erosion  rate  components  (i.e.,  ions 
and  macro-particles)  is  necessary  to  know  which  one 
has  stronger  effect. 


2.2  Particles  number  density 

Figure  1  illustrates  that  cathodes  showing 
higher  spot  velocities  due  to  the  difference  in  their 
surface  properties  emit  smaller  number  of  particles. 
This  indicates  that  various  graphite  types  will  emit 
different  quantities  of  particles  towards  the  substrate 
under  similar  operating  conditions.  Comparing  with 
the  results  of  [3],  one  can  notice  the  huge  reduction  in 
the  number  density  of  the  emitted  particles  using  a 
steered  arc  over  graphite  cathodes.  The  number  density 
of  particles  shown  in  Figure  1  was  measured  at  a  9  cm 
distance  between  cathode  and  substrate,  70  A  arc 
current  and  1.5  minute  arc  duration  time.  At  a  distance 
of  52  cm  between  the  cathode  and  the  substrate,  with 
Br  =  0.03  T  and  BH  =  0.14  T,  no  particles  were 
observed  in  the  produced  DLC  films. 


PS  ZXF-SQ  PGCS-1  PYROID 


CATHODE  SPOT  VELOOTV,  m/s 

Figure  1  :  Effect  of  cathode  spot  velocity  on  the  number 
density  cif  emitted  particles  over  silicon  wafer  substrate 
for  various  cathode  materials  (continuous  mode). 

2.3  Ion  current  flux 

Figure  2  shows  the  effect  of  cathode  spot 
velocity  as  a  function  of  total  ion  current  emitted  from 
the  cathode  spot  and  reaching  a  7  cm  diameter  probe  at 
52  cm  distance  from  the  cathode  %vith  the  presence  of 
Helmholtz  field.  The  change  in  velocity  is  imposed 
here  by  a  change  in  the  material  properties  of  the 
graphite  cathode  at  constant  radial  magnetic  field 
intensity  of  0.03  Tesla,  driving  the  arc  into  rotation. 

The  radial  ion  current  flux  emitted  from  the 
cathode  spot  to  a  probe  at  52  cm  distance  opposite  to 


xxm  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


IV-177 


the  cathode  is  also  measured  for  different  graphite 
types.  It  is  found  that  various  graphite  types  emit 
different  ion  fluxes.  The  arc  trace  is  found  to  be  always 
at  a  radial  distance  between  2.1  and  2.3  cm  from  the 
center  of  the  cathode  (i.e.,  at  the  location  of  arc  rotation 
and  zero  axial  magnetic  field  intensity). 


Figure  2  :  Effect  of  material  induced  cathode  spot 
velocity  on  total  ion  flux. 

3  Discussion 

Structural  considerations  of  the  graphite 
material  used  is  shown  here  to  be  very  important  and 
strongly  affecting  the  actual  behavior  of  the  cathode 
spot.  The  control  of  the  heat  load  input  to  a  given  site 
of  the  electrode  is  found  to  be  very  important  in  view  of 
macro-particles  reduction.  Therefore,  the  effort  was 
focused  in  this  work  at  the  design  of  the  vacuum  arc 
ion  plating  system  that  works  in  a  continuous  arc  mode 
using  permanent  magnets  behind  the  cathode  and  a 
pair  of  Helmholtz  coils  around  the  electrodes.  The  idea 
behind  this  configuration  is  to  rotate  the  arc  spot  over 
the  cathode  surface,  confine  the  arc  plasma  and 
increase  the  spot  velocity.  As  a  result,  the  residence 
time  of  the  spot  at  any  given  location  is  decreased  and 
the  stability  is  increased.  Decreasing  the  residence  time 
of  the  arc  spot  on  a  given  site  of  the  cathode  should 
result  in  a  reduced  heat  load  on  that  site,  hence 
reducing  the  particles  emission..  The  objective  of  using 
Helmholtz  field  is  to  create  higher  plasma  density  on 
the  cathode  surface,  thus  increasing  the  probability  to 
create  new  emission  sites.  Confining  the  arc  also 
increases  the  deposition  rate  significantly  through  the 
reduction  in  the  ions  losses. 

The  observed  deposition  rate  in  the  absence  of 
a  Helmholtz  field  was  a  strong  function  of  cathode  to 
substrate  distance.  The  ions  were  not  able  to  reach  the 
substrate  when  placed  at  a  distance  larger  than  9  cm 
from  the  cathode.  The  deposition  rate  increased  as  the 
Helmholtz  magnetic  field  increased,  and  at  a  close 


distance  ( less  than  or  equal  to  9  cm),  the  flux  emitted 
was  too  strong  in  this  design  and  resulted  in  the 
melting  of  the  substrate. 

Figure  1  shows  that  tower  number  of  particles 
can  be  emitted  from  the  cathode  if  the  arc  spot  velocity 
is  increased.  The  increase  in  the  arc  spot  velocity  can 
be  achieved  by  increasing  the  radial  magnetic  field 
intensity  (Br)  over  the  cathode  surface  and/or  using 
graphite  types  with  small  pore  size,  low  electrical 
resistivity,  high  density  and  high  grain  size  [2]. 

From  Figure  2  the  ion  flux  emitted  from  the 
cathode  is  found  to  be  increasing  with  the  increase  in 
the  cathode  spot  velocity.  At  the  same  time,  it  is  found 
that  various  graphite  types  show  different  cathode  spot 
velocities  at  fixed  operating  conditions  (especially  the 
applied  magnetic  field  and  arc  current).  Therefore,  a 
good  choice  of  graphite  cathode  material  shows  high 
spot  velocity,  low  or  no  macro-particles  emission  and 
shows  a  more  intense  ion  flux  emission. 

4  Conclusions 

It  is  found  that  rotating  the  arc  spot  over 
graphite  surface  is  much  more  difficult  compared  to 
metallic  electrodes  under  same  conditions.  The  rotation 
of  the  arc  spot  over  graphite  surface  was  achieved  using 
permanent  magnets  behind  the  cathode.  The  arc  was 
found  to  be  rotating  in  a  circular  pattern  at  the  radius 
where  the  perpendicular  magnetic  field  component  is 
equal  to  zero.  Increasing  the  radial  component  results 
in  an  increase  in  the  spot  velocity.  Different  types  of 
graphite  showed  different  cathode  spot  behavior  and 
emitted  different  number  of  particles  and  ions.  The  ion 
flux  is  peaked  in  the  perpendicular  direction  to  the 
cathode  surface  and  the  arc  trace.  The  rotation  of  the 
arc  spot  over  the  graphite  surface -generates  a  more 
uniform  erosion  over  the  cathode  surface,  reduces  the 
emission  of  particles  and  chunks  and  prevents  any  local 
overheating.  Shifting  the  arc  emission  to  a  more  stable 
emission  mode  was  achieved  by  rotating  the  arc  spot, 
confining  the  plasma  and  cooling  the  cathode.  The 
control  of  the  plasma  flux,  ion  current  and  ion  energ>' 
were  possible  through  the  change  in  the  axial  magnetic 
field  component  induced  by  Helmholtz  coils.  As  a 
result  of  using  the  permanent  magnets  and  Helmholtz 
coils,  the  cathode  spot  velocity  and  the  ions  flux 
emission  are  enhanced,  while  the  number  of  particles 
emitted  from  the  cathode  spot  decreased.  Diamond-like 
thin  films  ,,  free  of  particles,  were  produced  using 
graphite  in  a  continuous  arc  ion  plating  system  without 
using  any  filtering  tube. 
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1.  Introduction 

The  surface  recombination  of  nitrogen  atoms  on 
copper  oxide  in  afterglow  is  studied  by  measuring 
the  dependence  of  the  mean  value  of  the  breakdown 
time  delay  on  afterglow  period  <7  =  /(r)  (the  mem¬ 
ory  curve)  and  fitting  of  the  data  by  the  approxi¬ 
mate  gas  phase  model.  The  cause  of  the  secondary 
electrons  initiatmg  the  breakdown  is  the  energy  of 
the  surface  recombination  of  nitrogen  atoms  on  the 
electrode  surface  and  the  surface  recombination  on 
container  walls  is  the  main  loss  channel.  The  break¬ 
down  time  delay  method  is  shown  to  be  very  effi¬ 
cient  in  nitrogen  atom  detection,  and  accompanied 
by  the  developed  models  of  afterglow  kinetics,  in 
study  of  surface  reactions  [1-3]. 

In  paper  [1],  we  have  shown  that  the  nitrogen 
atom  recombination  on.  the  glass  container  walls 
is  second-order  in  number  density,  and  determined 
the  value  of  the  surface  recombination  coefficient. 
Furthermore,  we  derive  the  adsorption  isotherm  of 
nitrogen  atoms  on  molybdenum  glass,  the  type  of 
recombination  mechanism  and  the  dependence  of 
the  activation  energy  for  desorption  on  the  frac¬ 
tional  coverage. 

By  fitting  the  experimental  data  on  the  basis  of 
an  approximate  gas  phase  and  exact  diffusive  model 
[2]  it  has  been  shown  that  the  surface  recombination 
on  the  iron  electrode  is  of  the  second  order  and  on 
the  molybdenum,  aluminum  and  gold-plated  elec¬ 
trode  it  is  of  the  first  order.  In  addition,  the  an¬ 
alytical  form  of  the  recombination  coefficient  as  a 
function  of  the  adsorption  characteristics  of  surfaces 
and  the  pressure  of  the  parent  gas  has  been  derived. 

In  a  recent  paper  [3]  the  adequacy  of  the  gas 
phase  model  for  a  reprraentation  of  the  surface 
Ibss^  and  cbniparison  with  the  exact  diffusive 
model  are  studied.  It  was  found  that  diffusion 
should  not  be  neglected  as  application  of  the  gas 
phase  coefficients  to  represent  surface  losses  gives 
an  error  in  the  value  of  the  recombination  coeffi¬ 
cient. 

2.  Experiment 

The  time  delay  dependencies  were  measured  for 


a  gas  tube  made  of  molybdenum  glass  with  inserted 
copper  cylinder  (Fig.  1)  with  volume  V  =  17  crn? 
and  area  5  =  88  err?.  Copper  oxide  hrwi  been  dark- 
red  and  was  formed  when  the  electrode  was  exposed 
to  the  atmosphere.  The  electrodes  are  rounded  and 
polished  copper  rods  of  99.98%  purity.  The  elec¬ 
trode  diameter  was  D  =  5  mm,  area  Sb  =  1  err? 
and  gap  d  =  2.5  mm.  The  static  breakdown  volt¬ 
age  was  U,  =  400  V  DC. 


Fig.  1.  Schematic  cross  section  of  a  discharge  tube 

The  tube  was  evacuated  down  to  10~^  mdar, 
then  filled  with  nitrogen  of  technical  purity  at 
6.6  mbar  pressure,  detected  impurities  O3  being  be¬ 
low  0.1%.  The  mean  values  of  time  delay  were  es¬ 
tablished  from  series  of  300  merisurements.  The 
time  delay  measurements  were  carried  out  at  over¬ 
voltage  of  MJJU,  =  50%,  glow  current  of  Ig  = 
0.5  mj4,  glow  time  tg  =  2  s,  by  eui  automatic  sys¬ 
tem  [4].  More  details  on  the  conditions,  schematics 
of  the  experiment  and  more  on  experimental  pro¬ 
cedure  can  be  found  in  [1-4]. 

3.  Results  and  discussion 

If  we  treat  surface  recombination  of  atoms  as  an 
effective  gas  phase  process  and  if  the  number  den¬ 
sity  of  nitrogen  atoms  [N](r,  r)  during  the  after¬ 
glow  decays  due  to  the  second  order  recombination 
on  the  copper  oxide  surface,  its  temporail  evolution 
is  given  by  equation 

11 
[N]  “  [ATo] 

where  [^0]  is  the  initial  number  density  of  nitro¬ 
gen  atoms  eind  represents  an  apparent  recom¬ 
bination  rate  coefficient  on  the  copper  oxide.  The 
volume  recombination  in  three  body  collisions  and 
surface  recombination  on  the  electrode  surface  can 
be  neglected  under  our  conditions. 
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The  electron  yield  in  the  interelectrode  space  in 
this  approximation  [1-3]  is  given  by  equation: 

Y  =  'tl”{N]Vc,  (2) 

where  ^  is  the  effective  recombination  coefficient 
on  the  electrode  surface  multiplied  by  the  probabil¬ 
ity  that  one  secondary  electron  is  emitted  on  the 
basis  of  the  recombination  energy,  and  Vc  is  the 
volume  of  the  interelectrode  space. 


Fig.  2.  The  breakdown  time  delay  dependence  on 
afterglow  period  for  technical  purity  nitrogen 

On  the  other  hand,  the  statistical  time  delay  of 
electrical  breakdown  can  be  expressed  as  [5]: 


coefficients  so  only  apparent  values  are  obtained,  but 
other  data  in  the  literature  are  obtained  by  a  similar 
procedure  so  the  results  are  generally  comparable 
(provided  that  overall  conditions  are  similar)  [6-8]. 

The  results  presented  here  were  obtained  for 
technical  grade  nitrogen  that  has  a  large  amount 
of  oxygen  which  would  decrease  the  recombination 
rate  [9]  due  to  interaction  of  nitrogen  and  oxygen 
atoms  in  the  adsorption  layer.  Our  work  will  pro¬ 
ceed  to  obtain  results  for  research  grade  nitrogen 
and  also  to  extend  the  temperature  range.  In  ad¬ 
dition  exact  numerical  diffusion  model  is  applied 
that  can  provide  recombination  coefficients  which 
are  not  subject  to  uncertainty  due  to  inadequacies 
of  the  gas  phase  kinetic  model. 


t;=l/YP,  i.e.  y  =  l/i7 «  l/frf,  (3) 


where  P  is  the  probability  of  starting  a  discharge 
from  a  single  charged  particle,  and  P  «  1  at  over¬ 
voltage  of  50%  [1].  By  combining  the  equations 

(1),  (2)  and  (3),  the  vsJue  of  the  ja  and  cm 
be  obtained  from  Fig.  2,  in  the  form: 


^[lVo]Vc’ 

_  td  —  tdO  1 
Uo  [No]r’ 


(4) 

(5) 


.  Since  the  time  constant  for  the  second  order  pro¬ 
cess  is  =  l/jw  [^o])  we  obtain  the  following  for¬ 
mula  for  the  probability  of  recombination  P^ : 

=  4  ■  10-^  (6) 

TjVb 


where  v  is  the  mean  thermal  velocity. 

For  other  temperatures  (Fig.  3)  we  obtain  the 
following  values  of  the  recombination  probability 
P„,(350/f)  =  3.5  •  10"^  and  P^(mK)  =  5  •  10"®. 
In  our  analysis  gas  phase  model  is  used  to  obtmn  the 


Fig.  3.  The  breakdown  time  delay  dependence  for 
a)  293  K,  b)  350  K,  c)  400  K 
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1  Introduction 

The  surface  treatment  of  polymers  by  plasma 
discharges  is  a  well  known  mean  of  increasing  their 
adhesion  energy  [1].  This  kind  of  treatment  is  an 
interesting  dry  process  in  these  days  of  environmental 
preoccupations,  so  it  is  marked  out  for  a  brilliant  future. 
The  presence  of  the  plasma  implies  great  changes  on 
the  polymer  surface,  as  shown  by  many  works  [2,  3], 
but  the  presence  of  the  sample  has  a  great  influence  on 
the  discharge  regimes  and  it  is  interesting  to  investigate 
this  influence  in  order  to  improve  the  treatment 
efficiency. 

2  Experimental  setup 


The  figure  1  shows  the  reactor  and  the  electrical  and 
gas  supplies. 


T  i 


Gas  inlet  Gas  outlet 

Fig.  1 :  Experimental  setup 

The  reactor  consists  in  a  cylindrical  siurounding  wall 
in  Pyrex  of  12  cm  high,  22.5  cm  of  inner  diameter  and 
1.5  cm  thick.  Being  transparent,  it  allows  the 
observation  of  the  electric  discharges  which  take  place 
between  the  electrodes.  The  wall  is  placed  between  two 
P.M.M.A.  plates  of  1.5  cm  thick.  This  system  permits 
to  attain  pressures  aroimd  2. 10'^  Torr. 

The  electrical  supply  is  a  DEL  D.C.  high  voltage 
generator  (1)  which  delivers  voltages  between  0  and  10 
kV  current  stabilized.  A  loading  resistor  (2)  of  100  MD 
is  placed  in  serie  with  it  and  the  upper  electrode  (3) 
which  is  placed  inside  the  reactor.  This  electrode  is  a 
Monel  400  wire,  0.5  mm  in  diameter,  placed  parallely 
to  the  grounded  electrode  which  consists  of  a  stainless 
steel  plane.  A  teflon  ring  ensures  the  parallelism  of  the 


wire  with  the  plane  and  fastens  the  gap.  Several  rings 
with  various  distances  have  been  made. 

A  polymer  sample  (P.M.M.A.)  1  mm  thick  is  placed 
on  the  grounded  electrode,  as  shown  in  fig.l,  so  that  it 
is  parallel  to  the  wire. 

3  Diagnostics  materials 

We  want  to  characterize,  prior  to  the  treatment 
efficiency  itself,  the  discharge  and  the  influence  of  the 
polymer  sample  on  the  discharge.  This  is  why  we  plot 
the  V(l)  characteristics  at  the  same  time  we  display 
with  the  oscilloscope  the  current  impulses 
characterizing  the  evolution  of  the  discharge  regimes. 
The  electrical  measurements  are  made  with  a  Metrix 
MX  56  voltmeter  and  a  Metrix  MX  309  A  ammeter.  A 
50  Q  resistor  is  placed  in  serie  between  the  grounded 
electrode  and  the  ammeter. 

The  visualisations  of  the  current  impulses  are  made 
with  a  LeCroy  9400  oscilloscope. 

4  Results  and  discussion 

The  main  aim  of  our  works  is  to  study  polymer  corona 
treatment  using  intermediary  working  pressures  (5-700 
Torr)  this  is  why  we  chose  a  10  Torr  pressure  of  N2. 
Firstly,  we  measiued  the  interelectrode  potential  (V)  as 
a  function  of  the  discharge  current  (I)  in  order  to  obtain 
the  electrical  characteristics  without  sample.  The  V(I) 
curves  obtained  for  different  gaps  (d)  are  shown  in 
figure  2. 


Fig.2  :  V(I)  characteristics  without  polymer  sample 

In  a  second  time,  we  plotted  the  V(I)  characteristics  for 
the  same  working  conditions  but  in  the  presence  of  a 
sample.  We  made  the  measurements  with  the  grounded 
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electrode  surface  being  20%  and  30%  covered  by  the 
polymer.  The  curves  obtained  for  these  ratios  are 
respectively  shown  in  figures  3  and  4. 


1  V(T)chanicteristics  ' 


lOiA) 


Fig.  3  :  V(I)  characteristics  with  polymer  sample 
(20%  electrode  surface  covered) 


I  V(I)  characteiiBtics 


I(M) 


Fig.4  :  V(I)  characteristics  with  polymer  sample 
(30%  electrode  surface  covered) 

In  figure  2,  without  sample,  the  discharge  remains  in 
the  same  regime,  named  regime  I,  until  a  certain 
amoimt  of  current  allows  the  transition  to  another 
regime,  the  regime  11,  the  transition  being  marked  by  a 
drastic  potential  drop. 

As  we  can  see  by  comparing  figures  2  and  3  the 
presence  of  the  sample  modifies  significantly  the 
transition  conditions  of  the  discharge  regimes  as  does 
the  percentage  of  surface  covered  (comparison  between 
figures  3  and  4).  In  effect,  the  more  electrode  surface  is 
covered  by  the  sample,  the  less  current  is  sufficient  to 
pass  from  regime  I  to  regime  H.  This  evolution  of  the 
transition  current  value  is  related  to  the  amount  of 
charge  needed  to  form  the  cathodic  sheath. 

The  second  step  of  otn  surve>-  was  to  determine  what 
are  the  two  regimes  that  we  could  observe  on  the 
characteristics,  by  attempting  to  visualize  the 
corresponding  current  impulses  with  an  oscilloscope. 
For  the  regime  I,  we  were  not  able  to  see  any  impulse 
during  our  observations.  In  the  transition  zone 


characterised  by  the  potential  drop  we  can  observe  short 
current  impulses  that  are  unstable  and  non  repetitive  in 
time.  When  the  regime  II  is  reached,  we  obtain 
repetitive  current  impulses  as  shown  in  figure  5. 


Tria  .32dlv*CHAN 

Fig.  5  :  Current  impulses  in  regime  II  (d=10  mm, 
I=47pA,  20%  electrode  surface  covered) 

From  these  results,  we  might  say  that  the  regime  I  is 
related  to  the  dark;  Townsend  discharge.  The  regime  II 
is,  for  itself,  akin  to  a  "glow-like"  discharge  [4]  where  a 
cathodic  sheath  is  formed  and  the  discharge  becomes 
self-sustained. 

The  polymer,  being  a  dielectric,  promotes  the 
formation  of  the  sheath  by  non  evacuating  the  charges 
that  collide  on  its  surface.  This  can  explain  why  the 
more  electrode  surface  is  covered,  the  less  charges  are 
needed  to  create  a  sheath  that  allows  the  discharge  to  be 
self-sustained. 

5  Conclusion 

The  study  of  the  influence  of  the  polymer  sample 
presence  on  corona  discharge  regimes  is  a  preliminary 
stage  in  the  determination  of  the  discharge  treatment 
regimes.  Both  presence  and  area  of  the  polymer  seem  to 
promote  a  regime  that  we  may  call  "  glow-like".  It  is 
then  important  to  take  into  account  those  parameters  in 
order  to  optimize  the  process. 
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A  review  of  one  of  the  modem  trends  in  the 
development  of  fiiysica,  engineering  and  technological 
applicationa  of  electric  diachargea  ia  given  [1  ].  From  a 
vttjdy  of  intensive  stationary  electric  discharges  with  a 
vacuum-evaporated  electrode  we  exclude  only  a  well- 
studied  vacuum  arc  with  local  (inhomogeneous) 
evaporation  in  cathode  and  anode  spots.  The  theories  of 
classical  low  pressure  electric  ^scharges  form  the 
foundation  for  ISEDEISV  physics.  The  presense  of  an 
ev^orated  electrode  in  a  discharge  gqi  greatly 
complicates  these  theories  and  causes  new  jAysied 
effects,  so  it  becomes  inpossible  to  make  strict 
calculations  of  practical  constructions  and  their 
techological  parameters.  Thus,  primwy  attention  is 
focused  on  the  construction  of  physical  discharge 
models  and  the  analysis  of  the  experimental  results 
(see  review  [2]). 

Jhe  disdiawes  with  an  evaporated  cathode. 

As  to  their  {rf^ical  properties, they  are  close  to  a  well- 
studied  dis^aiTge  with  an  incandescent  cathode  in  a 
rarefied  gas.  The  discharges  are  supported  by 
thermoemission  of  electrous  from  a  working  substarce 
in  case  of  high-melting  substances  and  fixrni  refractory 
crucible  in  case  of  low-melting  si^stances.  The 
disdiarge  with  a  working  substance  evaporated  from  a 
hollow  cathode  is  of  great  inportance.  The  mechanism 
of  its  arcing  is  analogous  to  the  arcing  of  the  discharge 
with  the  gas  flowing  out  through  the  pipe  or  the  nozzle 
into  vacuum.  The  only  difference  is  that  the 
consunption  of  the  wori^  substance  dm/dt  in  the 
first  case  is  associated  with  discharge  conditions  and 
the  thermal  condition  of  a  cathode  operation,  and  in  the 
second  case  dm/dt,  is  an  independent  parameter. 
Vapour  pressure  over  the  working  substance  surface 
iffing  the  discharge  arcing  is  1  -  100  Pa.  The 
discharge  is  mostly  used  in  the  teclmology  of 
deposition  precious  metals  (Au,  Ag)  and  Ca 

IbS...disdMrges  with  m  evaporated  anode 
Here  we  can  distinguish  between  diode  and 
triode  discharges.  The  diode  discharge  gp  consist  of  a 
cathode  and  an  anode  heated  to  thermal  emission,  the 
material  of  vdurii  is  evaporated  by  electron 
bombardment  from  the  cathode.  The  discharge 
clwwc^stics  are  similar  to  those  of  the  non-self- 
maintained  VC  discharge  with  an  incandescent  cadiode 
in  a  rarefied  gas.  in  case  the  discharge  power  W 
considerably  exceeda  the  critical  power  W*  at  which 
the  discharge  in  the  anode  materid  vapour  occurs.  At 
WWW*  and  gas  pressure  in  a  disgorge  chamber 


ikauditjciev.ua 

Pi  S3- 10"^  Pa,  volt-anpere  characteristics  of  a  dischwge 
corresponds  to  the  function  of  1,  V,=W*=Con8t,  but 
not  to  V,~V, -Const  At  hi^  vacuum  on  intense  cooling 
of  a  anode  V.  can  exceed  10^  V.  The  diode  discharge 
with  an  evaporated  anode,  at  a  free  mode  of  operation 
of  a  cathode  with  a  space  charge  of  electrons  near  the 
cathode  surface,  can  be  put  out  (extinguiahed),  in  case 
we  put  the  potencial  Vc>V,  to  the  additional  electrode 
sunounding  diode  dischvge  gp,  or  if  we  increase  gas 
pressure  in  a  discharge  chamber  to  p>pi  at  WWW*. 

‘Hie  effective  means  of  stabilizing  the 
bredtdown  of  a  diode  diacharge  at  V,>V,  we  found  and 
the  use  of  an  additional  electrode  with  Ve>V,  was 
shown  to  be  an  effective  means  of  intensifying  the 
valour  ionization  of  an  anode  material. 

fri  thia  case,  when  thre  is  an  additional 
electrode  with  V^Ve,  we  can  speak  about  a  triode 
discharge  with  a  vacuum-ev^aorated  electrode.  Fhr&er 
increaae  in  ionization  coefficient  a  of  the  anode 
material  vqiours  in  diode  and  triode  discharges  way  be 
possible  due  to  induction  B20.OOSO  T  applied  to  the 
discharge  gap  of  the  cathode-anode  magnetic  field 
longitudinal  to  the  aria  and  the  transition  to  the  forced 
mode  of  eperation  of  the  cathode  without  a  space 
charge  of  electrons  near  the  cathode  surface,  when  V, 
and  the  electric  field  E  in  the  discharge  plasma 
increase.  The  increase  in  B  and  I,  and  the  decrease  in 
the  cuirent  of  cathode  heating  lead  to  the  stabilization 
bredtdown  of  the  discharge  by  the  current  of  an 
additional  electrode  I*.  The  mechanism  of  the 
bredtdown  ia  due  to  the  fact  that  at  a  free  mode  of 
operation  of  the  cathode,  at  the  plasma 

potencial  near  the  cathode,  the  current  emission  of  the 
electrons  from  the  cathode,  and  plaama  conductivity  c 
in  the  discharge  'c»ihode-anode*  gap  increaae,  vdiile  V, 
decrease  even  if  I,=Coost  and  at  W^W*  the  diadiarge 
breaks  down,  hi  much  the  same  way  we  can  ejplain  the 
diachai^  breakdown  at  p>pi,  v*en  the  degree  of 
relaxation  of  the  electron  beam  from  the  cathode 
increases,  c  also  increases,  V,  decreases  at  ];,-<!onst, 
W  becomes  less  then  W*  and  the  discharge  hretks 
down. 

The  main  advantage  of  diode  and  triode 
diicharges  in  conpsrison  with  other  ISEDEHEV  ia  that 
the  first  two  ones  generate  accelerated  chary, 
compensated  plasma  flow  with  the  mean  ion  energy 
Ei«eV,  for  the  diode  and  eV.  ^  ^V«  for  the  triode 
with  an  earthed  cathode.  Piamt  acccelention  takes 
place  at  p<3  l(r‘  Pa  at  low  rate  of  deposition  q  of  the 
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anode  worlcing  substance  on  a  substrate,  when  it  is 
placed  at  a  distance  of  15  cm  from  the  anode,  plasma 
acceleration  Udces  place  at  m/s.  From  this  it 

follows  that  the  above  discharges  are  lued  first  all  for 
deposition  high-adhasive  qualitative  thin  films  from  the 
material  of  any  conductivity  on  the  substrates 
deposition  of  any  conductivity  in  particular  for 
deposition  dielectrics,  synthesizign  oxides,  nitrides, 
carbides,  etc. 

Electrion-beam  discharges. 

Here  the  ev^oration  of  the  working  substance 
of  any  conductivity  from  the  electrode-crucible  with 
an  electron  beam  is  used  To  increase  oc,  an  additional 
incandescent  cathode  is  placed  into  a  vapour  flow  at  a 
negative  potential  to  a  crucible.  At  the  same  time  this 
makes  it  possible  to  provide  the  highest  purity  of  the 
working  substance  plasma  vapour.  The  properties  of 
this  discharge,  of  course,  are  simiiar  to  those  of  non¬ 
seif-maintained  arc  discharge  in  a  rarefied  gas.  The  use 
of  such  dischvge  for  ionizing  the  vqioura  is  restricted 
due  to  a  restricted  emissicm  capacity  of  c:athodes.  It  is 
used  for  electron  guns  with  a  power  of  Wo^iO*  w. 
For  electron  guns  with  greater  power,  the  only  ionizer 
is  a  beam-plasma  discharge  which  is  ignition  at  vapour 
pressure  over  the  wcxking  substance  p*2:l  Pa  in  the 
induction  magnetic  field  B20.05  T  longitudinal  to  the 
electron  beam.  In  this  case  plasma  with  oc^'l  is  farmed 
The  distribution  of  ions  over  charges  z  in  this  plasma  to 
a  first  qiproximation  is  ciescribed  by  the  Gaussian 
fisiction  wih  a  mean  charge  zj>].  The  most  possible 
mechanism  of  sipporting  a  beam-plasma  discharge  in 
this  case  in  an  electron-cyclotron  nescsiance  which 
ahould  be  studied  in  more  detail.  If  a  beam-plaama 
diacharge  is  not  i9U8ion,a  beam-magnetron  discharge 
ia  lonKtimes  used  [3].  Fcx*  thia  purpose  an  electrcm 
beam  in  longitudinal  magnetic  field  ia  surrounded  by  a 
cylinder  with  a  positive  potential  Vc>0  relative  to  the 
earthed  crucible.  The  best  effect  can  be  achieved  in 
higb-tempersture  materials  with  high  thcrmoelectroQ 
emissioa 

Technological  advantages  of  all  the 
ISEDEHEV  over  a  vacuum  arc  as  follows ; 

1)  the  absence  of  the  working  substance  microdrops  in 
a  plasma  flow, 

2)  the  ability  of  evaporating  a  substance  of  ainy 
conductivity, 

3)  a  wider  mge  of  varying  technological  parameters. 

Thus,  ISEDEHEV  coiuiderably  extends 
practical  possibilities  of  a  vacxtum  arc.  Technological 
advatdages  of  ISEDEHEV  over  a  magnetron  discharge, 
in  particular,  to  a  flat  magnetron,  coiuist  in  :  1) 
considenhly  larger  a~I  ;  2)  possibility  of  si^iporting 
discharge  arcing  in  a  pure  vapcxir  of  a  working 
substance  without  a  ballast  gas;  3)  high  rate  of 
deposition  q.  The  above  advaitagea  lead  to  a 
consider^le  inprovement,  in  thin  films  on 
tbermoionic  deposition  using  ISEDEHEV: 


Thus,  the  physical  properties  of  ISEDEHEV  are 
studied  well  enou^  to  be  used  in  practice.  But  a 
number  of  physical  aspecrt  of  ISEDEHEV  arcing  are 
still  unknown,  specifical,  a  beam-plasma  discharge  is 
little  investigated  The  problem  of  plasma  production 
of  ary  chemical  element  is  practically  solved  But  the 
stuciy  of  ISEDEHEV  to  improve  physical  models, 
plasma  devises  and  technologies  will  be  continued 
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1.  Introduction 

The  liberation  of  electrons  from  the  cathode  surface  in  a 
DC  glow  discharge  is  vital  for  maintaining  the  discharge 
operation  as  a  supply  of  charge  carriers  for  the  discharge 
region.  The  emission  of  these  secondary  electrons  occurs 
due  to  the  bombardment  of  the  cathode  by  ions,  metasta¬ 
bles,  neutrals  and  photons  coming  from  the  discharge  re¬ 
gion  [1]. 

Ion  bombardment  usually  provides  a  major  contri¬ 
bution  to  secondary  emission  [1].  In  hydrogen,  several 
kinds  of  ions  co-exist  (H"*",  and  H3  )  and  bombard  the 
cathode  concurrently.  Moreover,  in  the  cathode  sheath 
they  efficiently  create  high-energy  neutrals  (H,  H2)  via 
charge-transfer  and  collision-induced  dissociative  reac¬ 
tions.  These  fast  neutrals  have  similar  energy  distribution 
functions  and  particle  fluxes,  especially  at  high  electric 
fields  [2].  The  bombardment  of  the  cathode  is  therefore  a 
joint  action  of  the  above-mentioned  species,  which  com¬ 
plicates  the  understanding  and  modelling  of  the  emis¬ 
sion  process.  Moreover,  emission  details  concerning  all 
the  species  involved  in  bombarding  are  not  sufficiently 
known,  therefore  one  often  avoids  to  use  the  emission  in 
hydrogen  discharge  models  [3]. 

In  this  paper,  we  propose  a  simple  emission  model 
for  heavy-particle-induced  secondary  electron  emission 
in  hydrogen  glow  discharges.  The  proposed  model  is 
tested  against  various  available  experimental  data  for  the 
low-pressure  Townsend  discharge. 


2.  Emission  model 

An  individual  emission  process  is  characterized  quanti¬ 
tatively  by  the  secondary  electron  emission  coefficient 
or  yield  Ya(e)  defined  as  an  average  number  of  liberated 
electrons  per  incident  particle  of  type  a  having  energy  e 
[1].  It  depends  on  the  material  of  the  cathode,  the  incident 
particle  nature  and  energy. 

In  discharge  physics,  one  makes  often  use  of  the  over¬ 
all  secondary  electron  emission  yield  y  which  character¬ 
izes  the  emission  process  as  a  whole:  it  represents  the  av¬ 
erage  number  of  electrons  liberated  per  incident  ion  [1]. 
The  advantage  of  such  a  formulation  is  that  7  is  directly 
equal  to  the  ratio  of  electron  to  ion  current  at  the  cathode, 
a  macroscopic  boundary  condition  of  discharge  models 
[1]. 

The  two  definitions  are  related  as  follows:  provided 
that  the  Ya(e)  is  known  for  species  a,  the  overall  ytt  emis¬ 


sion  coefficient  of  species  a  is  given  by 

Ya=  /  Ya(e)Fa(e)</e,  (1) 

Jo 

where  Fa(e)  is  the  energy  distribution  function  of  parti¬ 
cles  of  species  a  incident  on  the  cathode  (normalized  to 
1).  Here,  “fa  represents  the  y  coefficient  as  if  only  the  a 
species  take  part  in  bombarding. 

The  overall  y  coefficient  as  used  in  discharge  physics 
and  as  defined  above  is  given  as  the  weighted  sum  of  con¬ 
tributions  of  all  the  species  involved  in  the  bombardment 

[4] 

^^EaY.(e)A'«  p) 

Lm'  "a' 

where  Na  represents  the  particle  flux  of  the  species  a  at 
the  cathode  and  a'  denotes  only  the  ionic  species  in  the 
denominator. 

Using  the  above  formulae,  one  can  calculate  the  y 
coefficient  supposing  that  (i)  the  emission  yields  Ya(e) 
are  known  for  each  incident  species  and  that  (ii)  the  en¬ 
ergy  distributions  of  bombarding  species  at  the  cathode 
are  known. 

There  are  only  a  few  experimental  data  for  hydrogen 
ion-  or  neutral-induced  secondary  electron  yields  [5,6]. 
Fig.  1  presents  measurements  for  incident  H  and  H"*"  on 
gas-covered  Cu  surface  [5].  It  can  be  seen  that  the  sec¬ 
ondary  yield  is  virtually  the  same  for  H  atoms  and  ions. 
In  addition,  assuming  the  independent  action  of  each  nu¬ 
cleus  of  incident  molecular  particle,  the  secondary  elec¬ 
tron  emission  yield  is  given  by: 

yntit)  =  kyH{e/k),  (3) 

where  k  numerates  the  number  of  incident  nuclei.  The 
hypothesis  (3)  gives  the  Ya(e)  for  all  the  other  species  as 
shown  in  Fig.  1.  Note  that  the  molecular  species  have 
much  lower  yields  in  the  low-energy  region,  which  is 
consistent  with  the  Auger  emission  mechanism  [4]. 

The  distributions  Fa(e)  can  be  obtained  from  the  ki¬ 
netic  model  of  the  discharge  as  described  below,  so  that 
the  Y  value  can  be  calculated  using  Eqs  (l)-(3). 

3.  Kinetic  model 

The  kinetic  model  of  the  Townsend  discharge  is  similar  to 
[2].  Further  details  can  be  found  in  [7]  which  is  a  paper 
at  this  conference  and  are  therefore  not  described  here. 
The  simulation  provides  the  energy  distribution  function 
of  bombarding  ions  and  neutrals. 


XXni  ICPIG  ( Toulouse,  France  )  17  -  22  July  1997 


IV- 185 


Fig.  1:  The  secondary  electron  emission  yields  for  various 
hydrogen  projectiles  used  in  the  model. 


E/n  (kTd) 


Fig.  3:  The  overall  y  coefiScient  for  low  Ejn.  Error  bars  are  the 
experimental  results  of  [4]  deliberately  scaled  (see  text). 


Fig.  2:  The  overall  y  coefficient  over  a  large  E fn  range.  Various 
experimental  results  are  plotted  as  points  [6,8,9], 


Fig.  4:  The  contribution  of  various  species  to  overall  y  as  a 
function  of  E/n. 


4.  Results 

Fig.  2  compares  the  present  model  and  various  experi¬ 
mental  results  [6,8,9].  We  have  not  treated  the  photon- 
induced  emission  but  used  the  results  of  Phelps  [6].  The 
figure  shows  a  very  good  agreement  over  all  the  E/n 
range  and  indicates  the  importance  of  photon-induced 
emission  in  majority  of  low-field  experiments. 

The  y  values  at  low  jE’/n  are  plotted  in  Fig.  3  together 
with  deliberately  scaled  experimental  results  of  [4]  with 
the  purpose  to  show  the  threshold-like  behaviour  of  the 
emission.  The  onset  is  situated  at  around  300  Td  both  in 
the  model  and  the  experiment.  The  model  results  suggest 
that  the  onset  appears  when  molecular  species  and  espe¬ 
cially  H3  (the  most  abundant  species  in  this  E/n  region 
[2])  gain  sufficient  energy  to  pass  the  emission  threshold 
(see  also  Figs  1,4).  The  model  results  in  Fig.  3  do  not 
saturate  at  300  to  400  Td  as  observed  in  [4]. 

The  species  responsible  for  emission  at  various  E/n 
can  be  inferred  from  Fig.  4.  Neutral-induced  emission  be¬ 
comes  dominant  at  several  kTd.  Note  that  in  [4],  H'*'  was 
identified  as  the  sole  species  causing  emission  at  around 
400  Td,  while  present  results  show  also  a  significant  con¬ 
tribution  of  H3  .  The  experimental  method  of  identifica¬ 
tion  used  in  [4]  discriminated  high-energy  M3  due  to  the 
possibility  of  its  collisional  breakup  to  H"*' . 
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To  investigate  the  effect  of  an  oblique  end-plate  on  the  transition  layer  between  a  plasma  and 
an  absorbing  wall,  we  measured  the  space  potential  at  the  end-plate  in  a  magnetized  sheet 
plasma  from  the  view  of  the  two-dimensional  boxindary-like  plasma.  The  magnetic  presheath 
increases  with  increasing  the  angle  of  the  end-plate.  The  thickness  of  magnetic  presheath  is 
several  times  as  larger  as  the  ion  Larmor  radius.  The  potential  drop  at  the  magnetic  presheath 
is  of  the  order  of  IJ  e. 

l.Introduction 

The'  transport  of  charged  particles  along  with  the 
magnetic  field  lines  dispersed  at  the  walls  is  important 
for  the  researches  on  the  laboratory  plasma,  divertor 
plasma  and  so  on.  In  particular,  when  a  wall  is  placed 
at  an  angle  to  the  magnetic  field,  the  particle  diffusion 
toward  the  wall  deviates  markedly  from  the  uniformity 
by  the  electric  field,  the  density  and  the  temperature 
gradients.  Such  imbalances  are  expected  to  give  some 
remarkable  effects  on  plasma  parameters,  the  edge 
potential  and  particle  flow  along  the  magnetic  field[l- 
3].  In  the  magnetic  field  intersecting  the  surface  at  a 
shallow  angle,  Chodura  showed  that  the  transition 
layer  has  a  double  structure  composed  of  the  magnetic 
presheath  and  the  Debye  sheath.  Using  a  kinetic 
analysis  by  K.Sato  et.  al.,  he  foimd  that  an  oblique 
magnetic  field  provides  two  presheath  mechanisms; 
one  is  due  to  the  ion  polarization  drift  and  another  is 
due  to  finite  ion-gyraradius  efiects[3].  These  processes 
at  the  plasma-wall  boundary  are  very  complex. 

In  order  to  investigate  the  effect  of  the  plasma-wall 
boundary  with  the  oblique  end-plate,  we  use  a 
magnetized  sheet  plasma  produced  by  a  TP-D  type 
discharge  apparatus  [4].  We  can  consider  the  sheet 
plasma  as  a  "two-dimensional  boundary-like"  plasma 
that  still  preserves  an  overall  charge  to  be  neutral.  The 
study  of  the  thin  plasma  column,  whose  thickness  is 
the  order  of  the  ion  Larmor  radius  Pj,  is  important  from 
the  view  points,  such  as  the  effect  of  dc  electric  fields 
on  particle  dynamics  and  the  effect  of  the  potential 
wall  in  sheet  plasma  on  ion  Larmor  radius  and  so  on. 

Thus,  we  measured  the  space  potential  to  investigate 
the  effect  of  an  oblique  end-plate,  on  plasma 
parameters. 
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Fig.  1 .  Schematic  drawing  of  (a)the  plasma  at 
end-plate  and  (b)measuring  system. 
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2. £xperimental  apparatus 

Schematic  drawing  of  the  plasma  at  end-plate  and 
measuring  system  are  shown  in  Fig.  1  (a)  and 
(b),respectively.  The  sheet  plasma  device  is  divided 
into  two  regions:  the  discharge  region  and  the 
experimental  region.  A  TP-D  type  plasma  source,  which 
was  originally  developed  at  the  Institute  of  Plasma 
Physics  in  Nagoya  University,  is  in  the  discharge  region. 
This  plasma  source  is  composed  of  a  cathode,  an  anode 
combined  with  a  floating  electrode  system  having  a 
hole  of  rectangular  cross-section.  The  dimensions  of 
the  anode  slit  are  1.5mm  in  thickness  and  30mm  in 
width.  The  strength  of  the  magnetic  field  in  the 
experimental  region  formed  by  ten  rectangular 
magnetic  coils  is  ^  IkG,  and  the  pressure  in  the 
experimental  region  is  '^10  ''  Torr. 

The  oblique  end-plate  was  placed  at  70  cm  away 
from  the  anode  slit  along  the  axis  of  the  device  in  an 
open-magnetic-filed  (~0. 1  kG).  The  potential  of  end- 
plate  is  floating  potential.  In  the  plasma-wall  transition 
layer,  the  direction  of  the  magnetic  field  is  parallel  to 
the  plasma  flow  (z  direction)  and  the  electric  field  is 
perpendicular  to  the  oblique  end-plate.  The  angle 
between  the  magnetic  field  and  the  electric  field  0  is 
changed  0°,  30°,  and  60°.  The  oblique  end-plate  is 
perpendicular  to  z  expressed  in  0  =  0°. 

A  Langmuir  plane  probe  (W:(})  1  mm)  was 
employed  to  measure  basic  plasma  parameters,  such  as 
the  electron  density  and  the  electron  temperature. 
The  plasma  potential,  <j)p,  was  measured  with  an 
emissive  probe  (0. 1  mm  in  diam,  2  mm  long)  heated 
with  dc  power  supply.  The  potential  measurements 
were  performed  in  the  Z  direction  from  the  end-plate  at 
the  center  of  the  magnetized  sheet  plasma. 

3. Experimental  Results 

The  experimental  conditions  are  as  follows:  the 
discharge  current  is  16  A,  the  strength  of  the  magnetic 
field  is  about  0.1  kG.  Fig.  2  shows  the  potential 
profiles  for  the  various  angles  of  the  end-plate  as 
functions  of  the  Z/p^:  is  the  ion  Larmor  radius. 
When  the  argon  gas  flow  rate  for  sheet  plasma 
production  is  9  seem,  the  electron  temperature  is  6.5 
eV.  At  the  same  time,  the  floating  potential  of  the  end- 
plate  is  about  -32  V.  When  the  oblique  end-plate  is 
perpendicular  to  z,  i.e.,  0  =  0°,  the  (})p  shows  a  sudden 
drop  in  front  of  the  end-plate.  For  0  0  ° ,  the  profile  of 
<{)p  is  composed  of  two  parts:  a  slowly  falling  part  that 
is  called  "magnetic  presheath"  succeeded  by  the  sharp 
fall  of  the  sheath  region  at  the  wall.  With  increasing 
angle  the  potential  drop  in  the  presheath  increases. 
The  scale  length  of  the  magnetic  presheath  is  several 


Fig.2.  The  potential  for  the  various  angles  of  the 
end-plate  in  a  magnetized  sheet  plasma  as 
functions  of  the  Z/p; :  p  ^  is  the  ion  Lamor  radius. 


times  as  larger  as  the  ion  Larmor  radius.  The  potential 
drop  at  the  transition  layer  is  of  the  order  of  T^  /  e. 

4.Condusions 

We  have  investigated  the  effect  of  an  oblique  end- 
plate  on  plasm?,  parameters  by  using  the  sheet  plasma 
designated  as  the  two-dimensional  boundary-like 
plasma.  With  increasing  angle  the  potential  drop  in  the 
magnetic  presheath  increases.  The  total  potential  drop 
between  plasma  and  wall  is  insensitive  to  the  angle  of 
the  end-plate.  The  magnetic  presheath  is  increases  with 
increasing  the  angle  of  the  end-plate.  The  magnetic 
presheath  scale  is  several  times  as  larger  as  the  ion 
Larmor  radius.  The  potential  drop  at  the  transition 
layer  is  of  the  order  of  TJ  e. 
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1.  Introduction 

Excited  state  atoms  in  inert  gas  discharges  play  an 
essential  role  for  the  principles  of  plasma  formation. 
They  are  well  known  to  take  part  in  spatial  and 
temporal  relaxation  processes  which  are  considered 
to  be  outstanding  features  for  a  detailed 
understanding  of  the  discharge  processes  [1]  and  the 
dynamic  behavior  of  glow  discharges  (e.g.  [2]). 
Therefore  it  is  extraordinaryly  desirable  to  know 
exactly  the  spatial  distributions  of  the  excited 
species. 

In  this  paper,  we  present  axial  density  measurements 
of  excited  neon  atoms  consisting  of  both  metastable 
(IS3,  Iss)  and  resonant  (IS2,  IS4)  states  in  a  glow 
discharge  in  the  vicinity  of  the  electrodes  by  laser 
induced  fluorescence,  yielding  state  selective  results 
of  a  high  spatial  resolution  .  Owing  to  the  principles 
of  this  method  an  optical  method  employing  light 
pulses  of  short  duration  will  not  affect  the  plasma 
itself  as  it  should  be  expected  in  probe  measurements, 
especially  in  the  vicinity  of  the  electrodes. 


2.  Experimental  results 

The  experiments  were  performed  in  a  neon  glow 
discharge  (ro=  1  cm,  po=  1.5  Torr,  d«, erodes  =  0.75 
cm)  driven  by  a  current  source  (i<25mA).  Densities 
were  measured  by  laser  induced  fluorescence 
spectroscopy  employing  a  pulsed  dye-laser  system  (t 
=  10  ns)  operated  at  visible  wavelengths  in  order  to 
cover  Isj  2pk  transitions  (Paschen  notation)  of 
neutral  neon  (Nel).  The  wavelengths  of  the  observed 
fluorescence  were  chosen  to  be  distinct  from  the 
pumping  wavelength  in  order  to  suppress  scattered 
light  from  the  discharge  tube  (3-level  pumping 
scheme).  The  pulse  energy  of  the  laser  yields  high 
saturation  parameters  S.  Thus,  the  excitation  process 
will  be  governed  by  coherent  processes  that  have  to 
be  treated  by  a  time  dependent  Schrodinger  equation 
for  the  density  matrix  [3].  In  order  to  suppress  the 
influence  of  coherent  excitation  effects,  a  large 
number  of  the  fluorescence  experiments  (n=200)  for  a 
given  axis  position  (x)  and  discharge  current  (i)  were 
performed  with  slightly  varying  pulse  energies 
fulfilling  the  condition  of  large  saturation  (S»l). 
Thus,  the  mean  value  of  the  signal  corresponds  to  the 
pulse-energy  averaged  expectation  value  of  the 
atomic  state  yielding  the  classical  limit.  In  order  to 
prove  this  method  of  energy-averaged  saturation 
spectroscopy  we  compared  our  results  with 


independent  density  measurements  in  the  positive 
column  formerly  derived  by  absorption  spectroscopy 
[4].  Our  results  agree  very  well  with  the  absorption 
measurements  for  different  currents  (discrepancy  less 
than  20  %). 

Here,  we  present  axial  density  measurements  at  a 
discharge  current  of  about  i=1.6mA.  The  laser  light 
was  irradiated  perpendicularly  to  the  discharge  axis; 
observation  was  both  perpendicular  to  the  discharge 
axis  and  the  laser  beam.  The  axial  resolution  was 
better  than  1.5  mm. 

Qualitatively  the  densities  of  all  species  investigated 
decayed  in  the  direction  of  the  ASTON  dark  space. 
We  have  to  mention  that  in  front  of  the  cathode 
density  measurements  were  restricted  due  to  a 
decrease  of  transparency  of  the  discharge  tube  as 
depicted  by  hollow  symbols  in  Fig.  1.  At  longer 
distances  from  the  cathode  densities  rose  to  values 
which  are  typical  for  the  positve  column.  We 
observed  a  spatially  damped  periodicity  at  the  head  of 
the  positive  column.  Quantitatively  the  portion  of  the 
IS3  atoms  of  all  excited  atoms  was  less  in  the  cathode 
region  than  in  the  positive  column.  The  relation  of 
densities  in  the  positive  column  at  i=1.6  mA  was 
given  by  n^:ns3:n«4;ne5=l:44;  16:220  with  a  density  of 
IS5  atoms  of  about  n,5=4.2  x  10“  cm'^  in  the  positive 
column.  Absolute  experimental  uncertainities  due  to 
the  calibration  procedure  were  less  than  30  %,  while 
relative  errors  between  different  species  were  less 
than  5  %. 


Figure  1;  Axial  density  distribution  of  excited  neon 
atoms  in  a  glow  discharge  (ro=  1  cm,  po=  1.5  Torr,  i 
=  1.6  mA).  Hollow  symbols  belong  to  the  cathode 
region,  where  the  transparency  of  the  discharge  tube 
was  reduced  due  to  the  sputtering  of  the  cathode. 


XXni  ICPIG  ( Touiouse,  France  )  17-22  July  1997 


In  the  vicinity  of  the  anode  a  decay  of  Isj  densities 
with  a  typical  scale  of  about  1.5  cm  was  observed. 
Close  to  the  anode  (approximately  2nim)  densities 
increase  strongly  corresponding  to  the  anode  glow. 
Figure  1  displays  the  axial  behavior  of  Is  densities 
from  the  cathode  to  the  anode  of  the  discharge. 

Figure  2  depicts  the  densities  in  the  vicinity  of  the 
anode  for  the  predominantly  populated  metastable 
(Iss)  and  resonant  (IS4)  states  in  detail.  The  relative 
distribution  of  less  populated  metastable  (IS3)  and 
resonant  states  (IS2)  were  found  to  be  similar;  their 
absolute  values  correspond  to  the  portion  in  the 
positive  column.  In  detail  it  was  found  that  the  decay 
of  resonant  state  atoms  is  slightly  smoother  than  the 
decay  of  metastable  atoms. 

Physically  the  decay  in  front  of  the  anode  may  be 
understo^  as  a  spatial  relaxation  phenomenon  of  the 
metastable  and  resonan  state  atoms  in  the  discharge. 


Figure  2;  Axial  density  distribution  of  excited  IS4  and 
Iss  neon  atoms  in  the  vicinity  of  the  anode  (x=0cm). 
The  sharp  decay  in  front  of  the  anode  (-L5mm<x< 
0mm)  corresponds  to  the  cut  laser  diameter  in  front 
of  the  anode.  For  discharge  parameters  see  Fig.  1. 
Note  the  different  scales  for  the  metastable  (IS5)  and 
the  resonant  (IS4)  states. 


3.  Conclusions 

Axial  density  distributions  of  excited  ISj  state  atoms 
in  a  low  pressure  neon  glow  discharge  were  measured 
in  front  of  both  a  plane  cathode  and  plane  anode.  The 
results  are  consistent  with  former  results  of 
absorption  measurements  in  the  positive  column. 
Minima  correspond  to  the  well  known  dark  spaces.  It 
should  be  remarked  that  light  emission  in  the  dark 
spaces  (corresponding  to  2pk— >lSj  transitions  owing 
to  collisional  excitation  processes)  is  nearly 
vanishing,  although  the  Isj  densities  decay  only  to  a 
value  of  about  1/20  of  the  positive  column  value. 
Experimental  results  suggest  that  the  transition 
regions  of  the  positive  column  (column  head  and 
anode  region)  are  governed  by  spatial  relaxation 
processes. 
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1.  Introduction 

Hydrogenated  amorphous  carbon  (a-C:H)  films  have 
great  potential  in  industrial  applications  such  as  hard 
protective  coatings,  electrical  insulator  and  passivation 
layers  and  are  commonly  deposited  using  radio 
frequency  (RF)  plasm;>,  enhanced  chemical  vapor 
deposition  (PECVD)  method.  H2  dilution  of  CH4  has 
been  often  used  to  produce  a-C:H  films,  because  their 
properties  strongly  depend  on  the  hydrogen  content  of 
the  films  [1],  Recently  Naito  et  al.  have  studied  the 
correlation  between  the  deposition  rate  of  a-C;H  and 
CH3  density  measured  using  infrared  diode  laser 
absorption  spectroscopy  in  CH4+H2  RF  discharges  [2], 
The  results  suggested  a  possible  decrease  of  the  sticking 
probability  of  CH3  with  an  increase  of  the  H2  partial 
pressure.  Therefore,  it  is  important  to  get  information 
about  the  surface  reaction  probabilities  for  CH3  on 
a-C;H  films  in  CH4+H2  RF  discharges  to  improve 
understanding  and  control  of  the  deposition  process. 

Previously,  we  reported  on  measurements  of  absolute 
radical  densities  in  SiH4,  CH4,  and  H2  RF  discharges  by 
using  the  threshold  ionization  mass  spectrometry 
(TIMS)  technique  [3,4].  Time-resolved  TIMS  was  used 
to  obtain  surface  loss  probability  P  of  SiH3  on  a-Si:H 
films  in  SiH)  RF  discharges,  of  H  on  stainless  steel, 
a-Si:H  and  oxidized  silicon  in  H2  RF  discharges,  and  P 
of  CH3  on  a-C:H  in  CH4  RF  discharges  [5,6],  We  report 
here  on  the  p  value  of  CH3  on  a-C;H  in  RF  discharges 
in  CH4  diluted  with  H2. 

2.  Experimental 

The  experimental  set-up  and  measurement  method 
have  been  described  in  detail  elsewhere  [3-5].  The 
13.56  MHz  RF  discharge  was  confined  in  a  cylindrical 
volume  between  two  parallel-plate  electrodes  (R  =  6  cm 
radius  and  L  =  3.3  cm  interelectrode  distance)  and  a 
grounded  grid.  In  this  study,  an  isothermal  and 
electrical  symmetric  reactor  was  employed  instead  of 
the  non-isothermal  asymmetric  one  used  previously,  in 
order  to  facilitated  the  interpretation  of  the  re^ts. 
Both  electrodes  were  heated  at  523  K.  The  self-bias 
voltage  is  less  than  10%  of  the  discharge  voltage 
(250  V)  for  an  effective  RF  power  coupled  to  the 
discharge  of  5  W.  Reactive  gases  CHt+H2  were 
supplied  through  the  RF  shower  electrode  at  a  total 
flow  rate  of  50  seem,  and  the  filling  pressure  was  20 
Pa.  A  Si  wafer  was  placed  on  the  lower  grounded 
electrode. 


The  mass  spectrometer  was  mounted  under  the 
grounded  electrode  to  measure  the  radical  density  near 
the  substrate.  The  absolute  CH3  density  was  detected 
using  TIMS.  The  time  evolution  of  the  radical  density 
in  the  afterglow  was  determined  with  a  multichaimel 
scaler  connected  to  the  output  of  the  mass  spectrometer. 
The  discharge  was  turned  on  and  off  at  about  5  Hz 
(50%  duty  cycle),  and  the  signals  were  accumulated 
synchronously. 


3.  Kinetics  of  the  Radical-Surface  Interactions 
In  the  post-discharge,  the  conservation  equation  for 
CH3  is  dn/dt  =  -  2kn^  +  where  n  is  the  CH3 

density,  k  the  recombination  reaction  rate  (3x10"'^ 
cmVs  at  523  K  and  20  Pa  [7]),  and  D  the  diffusivity. 
The  boundary  condition  is .  I  dnidq  I  =  nIX,  with 

\  P  " 

X  D^Ki-pnj’ 

where  ^  is  a  generalized  spatial  coordinate,  v  the 
thermal  velocity  of  CH3. 


Under  the  present  experimental  conditions,  the 
characteristic  length  X  for  CH3  is  much  larger  than  the 
dimensions  of  the  discharge.  In  addition,  gas  phase  loss 
of  CH3  is  small  compared  to  diffusion  and  stnface 
reaction  losses.  Therefore,  a  0-dimension 
approximation  can  be  applied  for  the  conservation 
equation  of  CH3,  i.  e. 


Av  p 
V  M-pn'^' 


where  A  and  V  are  the  surface  area  and  the  volume  of 
the  discharge.  Using  this  equation,  the  time  evolution 
of  p  is  deduced  from  that  of  the  CH3  density. 


4.  Results  and  Discussion 

Figure  1  shows  the  time  evolution  of  p  deduced  from 
the  density  decay  of  CH3  with  the  CH,  concentration  as 
a  parameter.  In  the  post-discharge,  the  p  values  rapidly 
decrease,  from  initi^  values  of  0.6-1%  to  about  0.2%  in 
7-10  ms.  They  further  continued  to  decrease  down  to 
less  than  10'*  (probably  to  0)  for  t  >  0.2  s.  The  initial  p 
value  increases  with  decreasing  the  CH4  concentration. 

Now  we  consider  the  surface  reaction  kinetics  leading 
to  the  results  in  Fig.  1.  Important  species  involved  in 
the  kinetics  are  ions,  CH3  radicals  and  H  atoms.  CH„^ 
(n=0-5)  and  C2Hn*  (n=0-6)  ions  creates  the  active 
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Fig.  1.  Time  evolution  of  the  surface  reaction 
probability  yff  of  CH3  on  a-C:H  with  CH4  concentration 


as  a  parameter. 


Fig.  2.  Relative  ion  and  absolute  CH3  densities  as  a 
function  of  CH4  concentration.  ■:  total  ion  density, 

•  :  h;,A;  CH;,T;  C2H;,+:CH3. 


chemisorption  sites  on  the  surface  during  the  discharge, 
while  (n=l-3)  are  less  efficient,  due  to  their  light 
mass.  CH3  radicals  are  incorporated  into  the  film  at  the 
activated  sites.  H  atoms  also  are  expected  (1)  to  create 
the  activated  sites  due  to  H  abstraction  reaction,  (2)  to 
react  with  CH3  on  the  surface  and  desorbed  as  CH,,  and 

(3)  to  terminate  the  activated  sites.  The  reactions  (1) 
and  (2)  enhance  the  (3  value  of  CH3,  while  the  reaction 
(3)  reduces  it. 

To  get  information  about  the  production  of  the 
activated  sites  due  to  ions  and  the  annihilation  due  to 
CH3,  relative  ion  densities  and  absolute  CH3  density 
were  examined  as  functions  of  the  CFU  cbncentration. 
Restilts  are  shown  in  Fig.  2.  The  total  ion  density  is 
nearly  constant,  the  CH„^  density  decreases  by  about 
25%  for  CH4  concentration  from  100%  to  20%  and 
CHn'^  ions  remain  the  predominant  ionic  species.  As  the 
H2  concentration  increases  from  0  to  80%,  Hn^  density 
increases  by  two  orders  of  magnitude  and 
decreases  by  a  factor  4.  The  sum  of  CH„''  and  C2H„^ 
densities  increases  slightly  (by  about  35%)  with  the 
CH4  concentration.  Then,  the  production  rate  of 
activates  sites  due  to  ions  is  considered  to  remain 
constant  for  all  the  gas  mixtures.  The  CH3  radical 
densities  increase  almost  linearly  from  3.8xl0"  to 
2.  lx  10'^  cm'^  with  the  CH4  concentration.  If  we  neglect 
the  surface  reactions  of  H,  p  should  be  proportional  to 
[CiHn^/n  (where  [CiHn^  is  the  total  density  of  CHn"^ 
and  C2Hn'^.  Then,  from  the  ion  densities  shown  in 
Fig.  2,  we  should  obtain  an  increase  of  >9,  with 
decreasing  CR,  concentration,  much  faster  than  what  is 
observed.  Therefore,  other  species  principally  H  atoms, 
the  density  of  which  increases  with  H2  concentration, 
have  to  be  taken  into  account  to  reduce  the  p  value. 
Thjs  hypothesis  is  consistent  with  the  fact  that  an 
estimated  reaction  rate  for  mechanism  (3)  is  larger  by 
more  than  two  orders  of  magnitude  than  for  (1)  [8]. 


Measiuement  of  H  atom  density  is  necessary  for  further 
discussion. 

The  time  evolution  of  P,  can  be  understood  as  follow. 
The  ions  mainly  create  activated  sites  on  the  surface 
during  the  discharge  and  then  enhance  the  P  value. 
After  turning  off  the  discharge,  the  activation  becomes 
negligible  in  few  ms  due  to  the  rapid  decay  of  the  ion 
density.  Therefore,  in  the  afterglow  the  sites  are  rapidly 
occupied  initially  by  both  H  and  CH3  and  then  only  by 
CH3,  since  H  is  expected  to  be  more  reactive  on  the 
surface  than  CH3  [8].  Thus  the  /lvalue,  for  the  low  CHU 
concentration,  decreases  first  rapidly  due  to  the  higher 
H  density,  and  then  more  slowly  due  to  the  lower  CH3 
density.  In  the  far  afterglow,  the  final  value  p  -  ^ 
agrees  with  the  result  of  molecular  dynamics 
simulations  which  give  zero  sticking  probability  on  a 
diamond  surface  completely  terminated  with  H  [9]. 
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1.  Introduction 

Radio  frequency  glow  discharges  are  commonly  used 
in  plasma  assisted  CVD  processes  in  order  to  get 
growth  of  coatings  at  relatively  low  temperatures.  The 
present  study  is  part  of  a  larger  research  program  on 
the  deposition  of  silicon  carbide  based  films  on  steel 
substrates  from  Ar-H2-Si(CH3)4  (tetramethylsilane: 
TMS)  gaseous  mixtures  [1-3].  The  input  gas  flows 
from  downward  to  upward  in  a  cold  wall  tubular 
vertical  reactor.  The  discharge  is  created  by  an  external 
coil  which  is  connected  to  a  radio  frequency  generator 
(2MHz).  A  hmdamental  goal  was  to  investigate  the 
process  by  optical  emission  to  contribute  to  the 
understanding  of  the  deposition  process  which  leads  to 
hard  coatings  of  different  compositions  even  in  a 
narrow  range  of  the  deposition  conditions. 

2.  Experimentals 

The  substrate  on  which  deposition  occurs  was 
grounded  through  an  embedded  thermocouple  and  was 
located  outside  the  coil.  In  such  a  device,  the  substrate 
temperature  is  essentially  governed,  for  a  given  input 
power,  by  its  distance  to  the  coil  and  also  by  the 
convective  exchanges  with  the  plasma.  The 
experiments  were  carried  out  at  a  steady  state 
temperature  of  850K.  Nevertheless,  whatever  the  total 
presure  (300-3000  Pa)  and  the  substrate  coil  distance 
(8-36  mm)  are,  the  glow  dischaige  aspect  is  identical. 
It  is  constituted  by  a  very  luminous  sheath 
surroimding  the  substrate  followed  downward  by  a 
dark  space  and  then  by  a  weak  luminous  volume 
inside  the  coil. 

Optical  emission  is  sampled  parallel  to  the  dischaige 
axis  or  perpendicularly  by  means  of  an  optical  fiber 
equipped  with  an  afocal  system.  A  high  resolution 
spectrometer  (focal  length  Im,  double  pass)  with  a 
1800  lines/mm  grating  and  a  slit  entrance  of  50p,m 
was  used.  A  CCD  detector  cooled  with  liquid  nitrogen 
allows  the  analysis  of  the  dispersed  light.  With  such  a 
device,  the  spectral  lines  emitted  by  a  low  pressure 
argon  lamp  exhibit  linewidths  (FWHM)  ofO.Ol  Inm 

3.  Results 

The  profiles  of  the  emission  lines  and  their  widths 
depend  strongly  on  the  nature  of  the  emitting  speeies. 

-  The  Ar  and  Ar'*'  lines  are  purely  gaussian 
with  FWHM  values  which  correspond  to  the 


apparatus  function.  The  result  is  independent  of  the 
way  to  sample  the  optical  signal  either  perpendicular 
or  parallel  to  the  discharge  axis. 

-  The  molecular  hydrogen  (Fulcher  system) 
behaves  quite  similarly:  only  a  slight  doppler 
broadening  can  be  observed. 

-  The  atomie  hydrogen  lines  H^,  Hp,  are 
signifieantly  broadened.  Their  profiles  are  no  longer 
ascribed  to  a  Voigt  fimction  and  they  change  with  the 
distance  to  the  substrate.  For  Ar-H2  mixtures  the  line 
profiles  are  the  convolution  of  two  gaussian 
components  centered  on  the  same  wavelength 
meanwhile  they  result  of  the  combination  of  ti^ 
gaussian  components  when  TMS  is  added  in  the  input 
gas.  In  all  cases  the  energy  of  the  narrow  component 
(NC)  is  about  0.25  eV;  the  broad  component  (BC) 
reaches  24  eV  close  to  the  substrate.  The  third 
component  called  intermediate  component  (IC)  which 
is  characteristic  of  the  TMS  dissociation  exhibits  an 
energy  value  of  1  eV  at  the  substrate  interfece. 

-  The  Si'*'  lines  have  a  pure  gaussian  profile 
when  sampled  peipendicularly  to  the  discharge  axis. 
The  measurement  of  their  width  leads  to  energies  up 
to  40  eV.  When  the  observations  are  parallel  to  the 
dischaige  axis  these  lines  are  splhted  in  two 
«  components  »  shifted  fixnn  their  standard  position  in 
wavelength.  But  the  Doppler  shifts  lead  to  identical 
energies. 

4.  Discussion 

The  excitation  mechanisms  responsible  of  the 
formation  of  low  energy  excited  hydrogen  atoms  are 
known  to  result  finm  electronic  collisions  with 
molecular  hydrogen  [4-8]  .  The  eneigy  of  the  third 
component  could  be  explained  in  the  same  way  by  the 
dissociative  excitation  of  radicals  issued  of  the  TMS 
molecules. 

On  the  other  hand  the  only  way  to  explain  high 
energy  atoms  such  as  Si'*'  and  the  Ix-oad  component  cf 
H  (BC)  is  to  consider  mechanisms  in  which  the  ions 
are  accelerated  in  the  electric  field  [7,9]  of  the  sheath 
surrounding  the  substrate.  The  observed  values  for 
Si'*'  are  a  direct  proof  of  this  kind  of  mechanism.  As, 
even  with  our  optical  system  of  high  resolution  ,  Ar"*" 
does  not  appear  to  be  accelerated  one  can  deduce  that 
the  reduced  electric  field  E/n  is  always  lower  than  800 
Td.  For  such  values  it  is  impossible  to  observe  the 
doppler  broadening  due  to  the  drift  velocity  [10]  which 
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can  be  calculated  fiom  the  charge  exchange  cross 
section  of  Ar''"  in  Ar  [1 1] . 

For  the  Si"*"  line  profiles,  when  they  come  fiom 
observations  perpendicular  to  the  discharge  axis,  a 
good  fit  is  obtained  with  one  unshifled  gaussian  profile 
which  denotes  a  distribution  with  a  single 
temperature.  The  splitting  of  the  lines  observed  in  the 
direction  parallel  to  the  axis  indicates  that  there  is  a 
flux  of  ions  moving  away  fixam  the  substrate  and  a  flux 
of  ions  moving  towards  the  surfece.  The  Si"^  energy 
does  not  depends  on  the  way  of  sampling.  TherefOTe, 
there  is  no  directional  velocity  effects  due  to  the 
applied  electric  field.  In  all  cases  the  line  intensities 
reflect  the  emission  of  all  the  excited  silicon  ions. 

In  same  conditions,  the  drift  velocities  of  IT*",  H2''’, 
H3'*'  in  Ar  [12]  and  also  in  H2  [13]  can  be  calculated. 
The  analysis  of  these  calculations  in  relation  with  the 
charge  transfer  cross  sections  lead  us  to  conclude  that 
the  energy  of  hydrogen  atoms  result  mainly  fixxn 
collisions  ofH^  with  H2. 
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1.  Introduction 

In  the  past  decade,  plasma-nitriding  has  emerged 
as  a  viable  commercial  tool  for  increasing  the  load 
bearing  capacity  and  surface  hardness  of  steel  through 
the  incorporation  of  sub-surface  nitrogen  into  the 
metal.  In  commercial  nitriding,  treatment  is  usually 
conducted  in  an  abnormal  glow  discharge  through  a 
nitrogen-hydrogen  mixture  at  elevated  temperatures 
(~500°  C).  However,  despite  commercialisation  of  the 
plasma-nitriding  procedure,  the  precise  mechanism 
allowing  the  incoiporation  of  nitrogen  into  the  metal 
surface  and  the  role  played  by  hydrogen  within  the 
discharge  remains  unclear  [1]. 

More  recently,  rf  discharges  in  low-pressure 
nitrogen  have  been  shown  to  be  a  convenient  medium 
for  plasma  nitriding  [2,3].  These  plasmas  are 
convenient  since  process  parameters  such  as  workpiece 
temperature  and  bias  are  independent  of  the  plasma 
generation.  Furthermore,  these  plasmas  provide  a 
technique  for  nitriding  stainless  steel  at  relatively  low 
temperature,  so  avoiding  the  loss  of  corrosion 
resistance  that  generally  occurs  above  450'’  C  [4,5]  and 
distortion  of  the  workpiece  brought  about  by  higher 
treatment  temperatures.  However,  the  reduction  of 
treatment  temperature,  despite  the  advantages  that  it 
offers,  results  in  nitrided  layers  that  are  in  general 
thinner  than  those  obtained  with  higher  temperature 
treatments. 

We  report  here  improvements  in  the  nitrided  layer 
thickness  of  low-temperature  nitrided  AISI-316 
stainless  steel  by  the  introduction  of  admixtures  of 
hydrogen  to  the  nitriding  environment.  We  also  discuss 
these  effects  in  the  light  of  fundamental  studies 
concerning  surface  effects  in  pre-breakdown  regimes 
involving  hydrogen. 

2.  Experimental  Techniques 

Polished  disks  of  AISI-316  stainless  steel,  25  mm 
in  diameter  and  4  mm  thick,  were  treated  in  the  Pp 
nitriding  facility  at  the  Australian  Nuclear  Science  and 
Technology  Organisation  [6].  These  treatments  were 
conducted  with  various  admixtures  of  hydrogen  to  the 
nitriding  regime,  keeping  the  partial  pressure  of 
nitrogen  within  the  gas  mixture  constant.  Table  I  lists 
the  process  parameters  used. 

After  treatment,  the  microhardness  of  the  nitrided 
surfaces  were  examined  using  a  Nano-instruments  IIs 


micro-indenter  [7].  The  nitrided  layer  thickness  was 
measured  by  examining  a  transverse  section  of  the 
nitrided  sample,  etched  in  Marble’s  solution,  with  a 
JEOL  JSM-5800LV  scanning  electron  microscope.  The 
optical  emission  from  these  plasmas  was  explored  using 
a  SPEX  270M  spectrometer. 

Pre-breakdown  investigations  were  conducted 
separately  using  the  techniques  and  equipment 
described  by  Ernest  et.  al  [8]  and  Haydon  et.  al.  [9]. 

3.  Results 

Figure  1  displays  the  measured  thickness  of  the 
layer  formed  during  the  nitriding  process  as  a  function 
of  percentage  hydrogen  admixture.  Addition  of 
hydrogen  to  the  discharge  dramatically  enhances  the 
thickness  of  the  formed  layer:  layer  thicknesses  were 
approximately  double  for  admixtures  of  hydrogen  in  the 


Table  /.  Process  parameters  used  in  this  work. 


sample  temperature 
rf  power 
rf  frequency 
N2  partial  pressure 
admixture  H2 
sample  bias 


400°  ±  10°  C 
300  W 
13.56  MHz 
180  mPa 
0-75  % 

0  V  dc  (ground) 


20 


40 


60 


80 


100 


Percentage  hydrogen  admixture  (%) 

Figure  1.  Nitrided  layer  thickness  as  a  Junction  oj 
hydrogen  admixture. 
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Percentage  hydrogen  admixture  (%) 

Figure  2.  Microhardness  as  a  function  of  hydrogen 
admixture.  The  indenter  load  was  50  mN. 

range  15-50  %.  A  similar  trend  is  observed  in  the 
microhardness  of  treated  samples  as  a  function  of  the 
hydrogen  content,  as  shown  in  Figure  2.  Increases  in 
the  microhardness  of  similar  proportions  are  observed 
compared  to  the  micrhardness  of  the  sample  treated  in 
pure  nitrogen  alone. 

We  are  currently  exploring  the  spectral  features  of 
these  plasmas  using  an  optical  spectrometer  in  order  to 
establish  the  roles  of  both  neutral  excited  species  and 
ions  in  the  plasma.  Correlation  of  these  spectral  aspects 
of  the  plasma  chemistry  with  the  enhancements 
produced  in  the  nitrided  layer  properties  by  hydrogen 
admixtures  will  be  reported  at  the  conference. 

In  complementary  studies  we  examined  the  surface 
properties  of  AISI-316  stainless  steel  when  used  as  a 
cathode  in  a  pre-breakdown  discharge.  Measurements 
of  the  spatial  growth  of  current  under  conditions  of 
constant  reduced  electric  field  E/N  provide  a  means  for 
examining  the  condition  of  the  cathodic  surface. 

Figure  3  displays  two  spatial  growth  of  current 
measurements  in  nitrogen  at  a  pressure  of  5  Torr  with 
EIN  set  to  283  Td.  The  first  measurements  (a)  were 
made  after  extensive  out-gassing  of  the  vacuum  system 
by  baking  at  a  temperature  of  200“’  C.  Following  this, 
the  second  set  of  measurements  (b)  were  recorded  after 
further  treatment  of  the  cathode  with  a  dc  hydrogen 
glow.  It  is  evident  from  the  dramatic  reduction  in  the 
critical  breakdown  distance  that  hydrogen 
bombardment  of  the  cathode  has  enhanced  the 
efficiency  of  the  cathode  to  release  new  electrons  into 
the  pre-breakdown  discharge.  This  more  efficient 
response  to  the  pre-breakdown  discharge  can  be 
attributed  to  a  greater  interaction  of  the  steel  surface 
with  the  secondary  mechanisms  in  the  pre-breakdown 
nitrogen  such  as  long-lived  neutral  excited  states. 
Indeed,  such  species  of  nitrogen  are  well  known  to  play 


Electrode  gap  (mm) 

Figure  3.  Spatial  growth  of  current  measurements  in 
nitrogen  using  an  AISI-316  stainless  steel  cathode,  (a) 
after  baking,  (b)  after  hydrogen  treatment. 

an  important  role  in  nitriding  [10].  Hence,  surface 
effects  of  this  nature  may  be  related  to  the 
enhancements  produced  by  hydrogen  admixtures  in 
nitriding. 
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1.  Introduction 

Capacitively  coupled  RF  discharges  are  important  m  low 
pressure  plasma  processing  for  etching,  tlim  film 
deposition  techniques  like  plasma  polymerization  or  for 
SiO,  deposition  [1],  Sihcon-organic  compounds  are  proved 
precursors.  Among  them  tetraethoxysilane  (TEOS, 
SiCOCHjCHjX)  is  often  used  for  plasma  polymerization 
and  with  Oj  admixtures  for  SiO^^  deposition  [2].  An 
effective  optimization  of  the  process  techniques  demands 
an  understanding  of  the  plasma  reactions  and  properties 
which  can  be  investigated  by  plasma  diagnostic  like  optical 
spectroscopy,  Langmuir-probe  measurements  and  mass 
spectrometry.  With  the  mass  spectrometry  it  is  possible  to 
investigate  the  neutral  components  as  well  as  the  ions  in 
the  plasma. 

Mass  spectrometric  investigations  of  TEOS  plasmas  are 
known  only  for  the  neutral  gas  [2,3].  In  this  paper  are 
presented  results  of  the  mass  spectrometric  measurements 
of  the  ions  and  neutral  gas  in  a  capacitively  coupled  Ar- 
TEOS  RF  discharge  (13.56  MHz).  These  measurements 
are  completed  by  mass  spectrometric  determination  of  tlie 
partial  and  total  electron  impact  ionization  cross  sections 
for  electron  energies  between  threshold  and  100  eV  using 
a  method  described  recently  [4]. 

2.  Experimental 

Tire  RF  reactor  (Fig.  1)  consists  of  a  stainless  steel  vacuum 
chamber  with  two  planar  steel  electrodes  of  128  mm 
diameter  and  spacmg  of  40  nun.  The  upper  electrode  is 
capacitively  coupled  througli  a  matching  network  to  an  RF 
generator  (ACG-5,  ENI)  while  bottom  electrode  and  the 
chamber  wall  are  grounded.  The  RF  power  transmitted  to 
the  matching  network  was  measured  by  the  VI  Probe 
(ENI),  it  varies  from  1 5  to  1 20  W.  Moreover  the  sustaining 
RF  voltage,  the  DC-self  bias  and  the  tliickness  of  the  dark 
space  in  front  of  the  powered  electrode  were  measured. 
The  vacuum  system  is  evacuated  by  a  turbomolecular  and 
a  rotary  pump.  The  gas  flow  rates  are  regulated  by  the 
Multi  Gas  Controller  147  (MKS  Baratron)  with  mass  flow 
controller  (MFC). 

The  plasma  monitor  (SXP  300H,  VG  Instruments)  witli 
ion  transfer  optics,  electron  impact  ion  source,  cylindrical 
mirror  analyzer  (CMA)  and  quadrupole  field  enables  the 
determination  of  neutral  and  ion  composition  of  the  plasma 
including  the  energy  distribution  of  tlie  ions  hitting  the  wall 
(lED).  The  ion  sampling  orifice  (d  =  0. 1  nun)  is  located  at 
the  chamber  side  wall  equidistant  to  the  electrode  surfaces. 
The  TEOS  admixture  was  held  at  2%  to  keep  the 
deposition  rate  low,  the  Ar  pressure  was  5  Pa,  tlie  flow  rate 
5  seem. 


3.  Results  and  Discussion 

The  electron  impact  ionization  cross  section  measurement 
shows  that  the  TEOS  molecule  decomposes  into  more  than 
40  fragment  ions  with  intensities  >1%  of  the  base  peak 
(m/z  193).  The  appearance  energies  and  relative  intensities 
of  selected  ions  are  presented  in  Tab  le  1.  The  rate  constants 
for  electron  impact  ionization  of  TEOS  for  formation  of 
these  ions  are  calculated  with  the  measured  cross  sections 
and  a  Maxwell  distribution  of  the  electrons  (Fig.  2). 


m/z 

formula 

rel.  mt.% 

app.  energy  eV 

208 

Si04CgH2o 

26.1 

7.2 

193 

Si04C,H„ 

100 

8.4 

179 

Si04C,H,5 

24.5 

8.2 

149 

SiOjCjHjj 

80.5 

11.4 

119 

SiOjC^H,, 

31.4 

15.2 

Table  1.  Mass  number,  sum  formula,  intensity  in  relation 
to  the  base  peak,  and  appearance  energy  of  the 
molecular  and  selected  fragment  ions  of  TEOS. 


With  the  electrical  data  (input  power  50  W,  RF  voltage  810 
Vpp,  DC  self  bias  -360  V,  thickness  of  dark  space  0.9 
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Fig.  2.  Rate  constants  for  electron  impact  ionization  of 
TEOS  in  relation  to  electron  temperature 

mm)  an  estimation  of  electron  temperature  (2.7  eV)  and 
mean  electron  density  (7*10’’  m"^)  was  possible  by  a 
charge  carrier  balance  assuming  direct  ionization  of  Ar  and 
using  Langmuir  Child  law  [1],  the  sheath  equation  [5] 
andischarge  model  [6]. 

The  main  observation  concerning  the  neutral  gas  is  the 
strong  decay  of  the  TEOS  concentration  after  the  ignition 
of  the  discharge.  In  the  neutral  gas  spectrum  the  base  peak 
(m/z  193)  was  not  detectable,  whereas  a  plasma  ion  m/z 
193  was  measured.  An  estimation  of  the  TEOS 
concentration  assuming  direct  electron  impact  ionization 
only  and  using  the  rate  constants  for  the  TEOS  ion 
production  (Fig.  2)  and  for  Ar  ions  [1]  with  an  electron 
temperature  of  2.7  eV  results  in  a  value  of  N.rEQs/N,^  = 
2*10^  The  main  neutral  gas  components  besides  Ar  are  Hj 
(3*10'^,  CO  (2*10'')-  Lower  hydrocarbons  are  observed  in 
the  spectrum  too,  but  with  smaller  intensities. 

The  ion  current  to  the  grounded  reactor  wall  is  determined 
(Fig3)  by  the  Ai\  ArH",  COH%  CjHj",  H3O",  CHj* 
and  Hj*  ions.  Ions  of  the  TEOS  molecule  are  observed,  but 
the  intensities  are  two  orders  of  magnitude  smaller  than  the 
Ar'^  ion  signal.  The  dependence  of  the  relative  intensities 
on  the  RF  power  is  small,  however  with  increasing  power 
the  relative  intensity  of  the  heavier  TEOS  ions  is  lowered 
whereas  the  portion  of  the  smaller  ions  is  shghtly 
increasing.  The  comparison  of  the  intensity  of  the  TEOS 
ions  with  the  results  of  ionization  cross  section 
measurements  shows,  that  the  intensity  of  the  plasma  ions 
with  decreasing  mass  number  is  higlier  than  the  expected 


Fig.  3.  Relative  intensities  (related  to  the  total  intensity) 
of  selected  ions  of  the  Ar-TEOS  RF  discharge 
(5  Pa,  2%  TEOS)  over  RF  power  received  by 
integrating  the  lEDs  over  the  energy  range. 

intensity  after  calculating  the  ion  production  rate  with  the 
rate  coefficients  (Fig.  2)  for  electron  temperatures  between 
2  and  3  eV.  This  behaviour  may  be  explained  by  secondary 
processes,  including  ion-molecule  reactions  and  plasma 
induced  decomposition  of  the  plasma  polymer  films. 
ArH*,  COH*,  H3O*  and  H3*  are  also  products  of  ion- 
molecule  reactions  preferably  with  the  molecular 
hydrogen.  The  maximum  kinetic  energy  of  the  ions  hitting 
the  grounded  wall  is  nearly  30  eV.  The  shape  of  the  LED 
shows  the  influence  of  collisions  in  the  sheath. 

This  work  is  partially  supported  by  the  US  National 
Science  Foundation. 
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Introduction 

Plasma  borizing  of  stainless  steels  and  titanium  alloys 
has  been  achieved  in  mixtures  of  Ar-H2-BCl3  [1].  Also, 
Plasma  Enhanced  Chemical  Vapour  Deposition 
(reeVD),  has  been  performed  with  BCI3  and  TiCl4  gas 
mixtures  to  obtain  TiB2  thin  films  [2,3].  Plasma 
diagnostic  had  been  reported  by  Optical  Emission 
Spectroscopy  (OES)  in  Ar-BCl3  gas  mixtures  in  a 
microwave  flowing  discharge  for  deposition  of  borides 
on  RKtal  surfaces,  located  downstream  the  plasma  [4]. 
In  this  p^r,  particular  attention  is  paid  to  the  reaction 
of  oxygen  with  b(Mon  species  when  O2  is  introduced 
into  the  reactor  in  discharge  or  in  post-discharge 
conditions. 

The  experimental  set-up 

The  experimental  setup  is  reproduced  in  fig.  1.  A 
microwave  discharge  (2.45  GHz)  is  produced  in  a  quartz 
tube  (inner  diameter  5  mm)  in  Ar-BCl3  gas  mixtures  at 
a  standard  gas  pressure  of  700  Pa  (5  Torr)  and  a  total 
flow  rate  of  about  1  slm.  Oxygen  can  be  introduced 
either  in  the  Ar-Ba3  gas  mixtures  (process  1  in  fig.l) 
or  downstream  the  plasma  to  analyse  the 
chemiluminescent  reactions  with  B  atoms  process  2  in 
fig.l).  The  radiative  sp^ies  have  been  analyzed  by 
emission  spectroscopy  in  the  plasma  and  the  post¬ 
discharge  conditions  by  means  of  a  movable  optical 
fibre  which  is  connected  to  a  Jobin-Yvon  HR  640 
spectrometer  (1200  grooves  mm'^  grating)  equipped 
either  with  a  photomultiplier  tube  (PM)  (Hamamatsu 
R636)  or  with  an  Intensified  Hiotodiode  Array  Detector 
(IPi^)  (IRY  /  1024  G/B).  A  spectral  resolution  of  0.1 
nm  is  obtained  with  slits  of  100  pm  width. 


HR  640  Phima  loiim 

SptctraneiK  urfituide 

-=-= -  2430  MHi 


Figure  1 :  Experimental  set-up 

Detection  of  radiative  species  in 
discharge  and  post-discharge  conditions 

The  emission  spectra  between  320  and  500  nm  of  an 
Ar-0.4%O2-1.5%BCl3  plasma  at  100  Pa,  1  slm,  140 


Watts  and  4.5  cm  downstream  the  surfaguide  gap  are 
rqiroduced  in  figure  2  a.  Spectral  lines  and  bands  frcHn 
radiative  states  of  Cl  and  BO  are  identified  in  this  figure 
in  addition  to  few  argon  lines.  This  emission  qiectrum 
is  very  different  to  those  of  an  Ar-1.5%BCl3  plasma 
produced  in  the  same  experimental  conditions.  As  a 
matter  of  fact,  the  emission  spectrum  of  such  discharge 
with  high  dilution  of  BCI3  in  argon  is  very  rich  in 
atomic  lines  (Ar,  G,  B*^,  Si)  and  molecular  bands  (BCl, 
B2.B0)[4]. 

By  introducing  an  Ar-10%O2  (Q  =  0.11  slm)  gas 
mixture  into  the  Ar-l.S%  BG3  (Q  »  l  slm)  post¬ 
discharge  at  10  cm  from  the  gap  (process  2  in  fig.  1), 
three  different  situations  can  occur  depending  the 
distance  d  between  the  plasma  end  and  the  Ar-02  inlet 
This  distance  d  can  be  adjusted  by  varying  the 
microwave  power.  The  total  pressure  is  always  700  Pa. 

*  Case  I  :  for  d  >  5-6  cm,  no  emission  is  observed 
downstream  the  Ar-02  inlet 

*  Case  n  :  for  d  ^  5  cm,  a  blue  light  only  composed 
of  BO*  band  emission  is  observed  downstream  the  Ar- 
02  inlet  as  shown  in  fig.  2b.  Such  BO  (A2n->  X  ^1+) 
band  emissions  are  the  result  of  chemiluminescent 
reactions  between  the  B  atoms  and  O2  as  reported  in 
references  [5-8]. 

*  Case  in  :  for  d  --  0  cm  (i.e.  discharge  beyond  the 
Ar-02  inlet),  a  very  intense  green  light  is  observed 
close  to  the  Ar-02  The  previously  observed  blue 
light  is  always  piTesent,as  shown  in  fig.  2c,  downstream 
the  green  light  region .  In  addition.  Cl*  and  Ar*  are  also 
detected  in  this  case,  and  it  must  be  noted  that  no  O* 
emission  lines  are  observed.  The  green  light  zone  arises 
from  BO2  (A  2nu-»  X  ^Dg)  bands  [9].  The  (0004)00) 
band  of  this  BO2  system  (not  shown  in  fig.  2c)  is 
twelve  time  higher  than  that  of  the  (100-000)  band. 

Excitation  processes 

Excitation  processes  leading  to  the  formation  of 
BO  (A  ^n)  and  BO2  (A  ^Ilu)  states  will  now  be 
discussed  by  analysing  the  experimental  results. 
Implications  of  B  atoms  reactions  will  also  be 
ctmsideied. 

For  BO  (A  2n)  production  in  case  11  (process  2  in  fig. 
1),  the  situation  is  rather  clear  since  BO*  is  the  only 
observed  excited  state.  BO*  emission  results  from  the 
following  reactions : 

B  +  O2  BO  (A  2n)  +  O  (a) 
with  ka  =  5.7  10-14  cm3  j-l  for  bO  (A  ^n,  v'  =  2) 
production[10].  The  BO  (A  ^n,  v'  =  2)  state  has  a 
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radiative  loss  frequency  v,  =  7.3  lO^  s’^  [1 1]  and  are 

quenched  by  Ar  and  C>2 : 

BO  (A  ^n)  +  Ar  -»  products  (b) 

BO  (A  ^ri)  +  02  -»  products  (c) 

with  kb  =  1.3  10*12  cm3  j-l  ^uj  and  kc  =  2.1  10*11 
Cin3  s*l  [11].  The  pseudo-stationary  density  of  BO 
(A  2n,  v’  =  2)  is  then  given  by  : 


plasmas  at  700  Pa  :  a)  Ar-0.4%02-1.5%  BCI3  at  140 
Watts  (process  1  in  fig.  1),  measured  at  4.  5  cm  from 
the  gap.  b)  Ar-1.5%  BQ3  dscharge  at  70  Watts  with  an 
Ar-10%02  mixture  introduced  in  post-discharge  at 
10  cm  from  the  gtq)  (process  2  in  fig.  1).  Measurements 
are  performed  at  13  cm  from  the  gap.  c)  Same  as  (b)  but 
at  1(X)  W.  Measurements  are  performed  at  10  cm  from 
the  gap  near  Ar-02  inlet 


[BO(A2n.v’  =  2)]=610-19[B][O2l  (1) 

where  the  densities  are  in  cin'^. 

The  BO  (A  2n)  production  in  case  m  (process  2  in  fig. 

1)  is  much  more  difficult  to  explain.  Nevertheless, 
similarities  can  be  found  by  comparing  emission  spectra 
of  BO  (A  2n-»  X  21)  emission  in  case  III  and  the  one 
from  an  Ar-02-  BCI3  plasma  (fig,  2a).  Moreover,  as 
evidenced  in  fig.  2a,  the  upper  vibrational  levels  of  the 
A2n  state  are  more  highly  populated  (up  to  v'  =  7) 
than  those  resulting  from  chemiluminescent  reaction  (a) 
(v'  ^  3).  As  a  matter  of  fact,  the  exoergicity  of  reaction 
(a)  with  thermalized  B  atoms  is  cmly  sufficient  to 
populate  the  four  vibrational  levels  in  the  A  2n  state 
[12].  Then,  electronic  excitation  of  BO  (X  must  be 
a  key  channel  to  produce  BO  (A  2n)  in  this  case. 

BO2  (A  2nu)  prc^uction  in  case  III  would  be  produced 
by  the  two  possible  reactions : 

B0(x2j:)  +  0->B02  ((5 

B0(X22)  +  02->B02  +  0  (e) 

with  ke=  4.4  10*^2  cni*2  s*^  [13]  and  kd  being 
unknown.  However,  the  exoergicity  calculated  for  these 
two  reactions  [14]  is  to  low  to  pro^ce  BO2  in  the 
A2n  u  state.  Then,  these  two  possible  reactions  should 
be  followed  by  electronic  excitation  of  the  produced 
BO2  (X  2i)  to  form  BO2  (A  2nu). 
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1.  Introduction  : 

A  growing  interest  in  the  use  of  flowing  N2  post¬ 
discharge  has  recently  appeared  in  the  field  of  surface 
treatments  processes.  For  steel  surface  nitriding,  thick 
nitride  layers  (10  |i,m  thickness)  have  been  obtained  in 
Ar-N2-H2  HF  post-discharges  [1]  where  a  few  H2  (less 
than  1%)  was  introduced  into  the  Ar-N2  gas  mixture  in 
order  to  remove  the  Fe304  oxide  layer  which  inhibits 
the  nitriding  reaction.  In  flowing  N2  post-discharges, 
the  N  atoms  and  the  N2(X,V)  vibrationally  excited 
molecules  are  the  dominant  active  species  [2]. 

The  N  atom  density  can  be  measured  by  NO  titration 
and  the  N2(X,V)  vibrational  distribution  can  be  deduced 
from  these  of  N2(C)  and  N2''’(B)  [3].  In  the  present 
communication,  the  N  atom  density  and  the  N2(X,V) 
characteristic  temperatures  are  reported  in  a  flowing 
nitriding  post-discharge  reactor  of  industrial  scale  (100 
liters). 

2  .  The  experimental  setup  : 

The  flowing  post-discharge  reactor  is  reproduced  in 
Fig.  1. 


Ar-N2-H2  mass 
flow  meters 


Two  Ar-N2-H2  plasmas  are  created  in  a  0.6  cm  diameter 
quartz  tube  with  two  surfatron  cavities  at  a  transmitted 
power  of  100-500  Watts,  a  flow  rate  of  1  -  3  Slm'l  and 
a  gas  pressure  of  10  -  25  hPa.  The  post-discharges  run 
into  a  cylindrical  reactor  of  diameter  40  cm  and  length 
70  cm  where  the  substrates  can  be  introduced.  The 
reactor  chamber  is  heated  by  internal  resistances  up  to 
850  K  to  obtain  the  e,  y '  and  a  diffusion  layers  on  the 
iron  substrates. 

The  emission  spectra  of  the  discharge  and  of  the 
afterglow  are  analysed  by  a  Jobin-Yvon  HR  640 
spectrometer  (grating  1200  grooves/mm)  equipped  with 
an  OMA  (IRY)  detector  which  is  connected  to  the 
discharge  and  post-discharge  by  means  of  a  quartz  optical 
fiber.  The  optical  fiber  can  be  located  inside  the  reactor 
as  reproduced  in  Fig.  1 . 


3  .  Emission  of  radiative  species  and  N 
atom  titration  : 

3.  1  .  Plasma  radiative  species  : 

In  a  previous  study  [4],  it  has  been  concluded  that  the 
best  gas  mixture  to  obtain  maximum  density  of  N  and 
H  atoms  was  0,5  Ar  -  0,5  (N2-0,5%H2).  In  these 
conditions,  the  radiative  species  in  the  microwave 
discharge  came  from  Ar  and  H  atoms,  fi-om  N2,  N2‘^ 
molecules  and  NH  radical.  The  N2(C-B)  and  N2+(B-X) 
2"^^  positive  and  l^t  negative  bands  were  easily  detected. 
From  the  AV  =  -  2  vibrational  sequence  of  the  2*^^ 
positive,  it  has  been  found  a  Boltzmann  distribution  of 
the  N2(C,  v=0-3)  states  with  a  vibrational  temperature 

of  Ty^  =  6000  ±  500  K  in  a  N2-0,5%H2  discharge  at 

500  Pa,  Q  =  3  Slm"^  and  a  transmitted  power  of  500  W. 
By  assuming  a  direct  excitation  of  N2(C)  from  the 
N2(X)  ground  state,  the  Oj  ground  state  characteristic 
temperature  can  be  deduced  by  using  the  Franck-Condon 
factors  which  relate  these  two  states  [3].  It  is  then 
calculated  that  0i  =  6000  K. 

The  N  atom  density  has  been  determined  at  the  outlet  of 
one  of  the  gas  pipes  inside  the  reactor  (see  Fig.  1).  The 
obtained  results  are  reported  in  table  1  for  four 
experimental  conditions. 

The  results  reported  in  table  1  clearly  show  an  increase 
of  N  atoms  density  with  less  than  1%  H2  into  N2  and  a 
maximum  value  with  about  fifty-fifty  Ar-N2  gas 
mixture. 
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Experimental  conditions 

N  atom  density 
(10l5  at.  cm-h 

0,8  Ar  -  0,2  N2, 

250  W,  2000  Pa,  1  Sim"! 

0.6 

0,4Ar-0,6(N2-0,25%H2) 

250  W,  2000  Pa,  1  Slrn’l 

1.1 

N2-0,25%H2,  150  W, 

1500  Pa.  1  Slm-1 

0.6 

N2-1%H2, 

150  W,  1500  Pa,  1  Slm-1 

0.45 

Table  1  :  N  atom  density  as  determined  by  NO  titration 
with  four  experimental  conditions.  Gas  temperature  : 
4(X)K  -  Outlet  of  gas  pipes  :  about  lO'^s  after  the  discharge 


3.  2  .  Afterglow  emission  : 

In  previous  studies,  it  has  been  reported  that  the  N2,  1®* 
pos.  intensity  from  the  N2(B,V'=11)  level  in  the 
afterglow  is  well  related  to  the  square  of  N  atom  density 

[4],  Also  this  afterglow  emission  is  considered  as  a 
signature  of  N  atoms  in  the  post-discharge,  giving  the 
density  of  these  active  species  after  NO  titration.  If  this 
relation  was  verified  at  low  gas  temperature  (400  K)  in 
the  reactor,  it  was  observed  a  sharp  decrease  of  the  N2 
1®^  pos.  intensity  as  the  gas  temperature  inside  the  post¬ 
discharge  reactor  was  increasing  up  to  850  K.  None  1®* 
pos.  emission  was  detected  beetween  450  and  850  K. 
Inversely,  a  new  light  emission  appeared  after  650  K, 
which  was  identified  as  coming  from  Na  and  K  atoms. 
Such  effects  have  been  previously  observed  [5,6]  and 
was  used  as  Na  probe  of  the  N2(X)  vibrational 
temperature.  The  Na  line  emissions  are  coming  from 
upper  levels  which  are  in  resonance  with  vibrational 
levels  of  N2(X).  In  Table  2  are  reported  the  three  Na 
lines  that  we  have  clearly  identified. 


Na  line  (nm) 

Optical 

Upper  level 

transition 

energy  (eV) 

589.2 

3s  1/2  -  3p3/2 

2.11 

569.0 

3p3/2  -  4d5/2 

4.29 

498.4 

3p3/2  -  5d5/2 

4.59 

Table  2  :  Na  line  transitions  and  upper  levels  energies 


A  Boltzmann  distribution  of  Na  (4d  to  8d)  upper  levels 
has  been  previously  observed  [5,6]  as  resulted  from  the 
following  resonance  transfer : 

N2(X,  V>16)  +  Na  ^  N2  +  Na  (n>4d)  (a) 

The  two  Na  569  and  498.4  nm  line  intensities  have 
been  compared  to  determine  the  TNa*  temperature  which 
is  equal  to  the  Ox,  16- 17  vibrational  temperature. 

In  the  following  conditions  :  0.8  Ar  -  0.2  (N2-0.5%H2), 
800  Pa,  3  Sim"  ^ ,  200  W,  it  has  been  determined  at  800 

K  the  following  intensity  ratio  ^  =  6  which  is 

I(5d-3p) 

related  to  T^fa*  =  0x,l6-17  =  2500  K.  By  using  the 
Gordiets  distribution  [7],  the  0i  characteristic  vibrational 


temperature  (between  the  two  first  vibrational  levels  of 
Tx)  is  deduced  :  Oj  S  2000  K. 

The  decrease  of  the  l^t  pos.  N2(B,1 1-A,7)  when  the  gas 
temperature  was  increasing  can  be  analysed  by 
considering  the  following  equation  : 

In2(11-7)  =  K  [N]2  iN±N 

*^0,11 

where  Icn+n  (cm^  s'l),  kqj  1  (cm^  s'l)  are  the  rates  of 
N  atom  (density  [N])  recombination  and  quenching 
respectively. 

By  assuming  a  constant  value  of  the  quenching  cross 
section  between  300-800  K,  the  kg  quenching  rate  is 

varying  as  T^^^.  The  kN+N  recombination  rate  is 
decreasing  with  T  ;  kN+N  =  4  and  2.5  lO"^^  cm'^  s'^  at 
300  and  450K  [8]. 

In  the  above  discharge  conditions,  an  increase  of  T  from 
300  to  450  K  has  produced  a  decrease  of  the  N2(B,1 1  - 
A,7)  total  intensity  by  a  factor  3,  giving  a  decrease  of  N 
atom  density  by  a  factor  1.2. 

4  .  Conclusion  : 

In  flowing  Ar-N2-H2  microwave  discharge,  it  has  been 
determined  a  characteristic  vibrational  temperature 
61  =6000  K  in  discharge  conditions  (N2-0,5%H2, 
500  W,  500Pa,  3  Slrn'l)  and  61  =  2000  K  in  the  post¬ 
discharge  (0,8  Ar  -  0,2(N2-0,5%H2),  200  W,  800  Pa, 
3Slm-l,T=800  K). 

The  N  atom  density  reached  a  maximum  value  at  the 
discharge  pipe  exit  of  about  10^  5  cm" 3  at  300  K, 
decreasing  by  a  factor  1 .2  at  450  K. 

The  decrease  of  N2(X,  V)  vibrational  temperatures  and 
of  N  atom  density  as  T  increased  up  to  850  K  could 
come  from  several  processes  : 

-  N2(X,  V)  quenching  by  neutral  gas, 

-  N2(X,  V)  and  N  destruction  on  the  reactor  walls, 

-  N2(X,  V)  destruction  by  impurities  (Na,  K) 
which  are  outgazing. 
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CFx  radical  surface  production  and  loss  mechanisms 
in  fluorocarbon  RIE  plasmas 

Jean-Paul  Booth.  Gilles  Cunge,  Pascal  Chabert,  Fran9ois  Neuilly, 

Walter  Schwarzenbach,  Jacques  Derouard  and  Nader  Sadeghi 

Laboratoire  de  Spectromethe  Physique,  Universite  Joseph  Fouher-Grenoble, 
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Absolute  CF  and  CFt  radical  concentration  profiles  have  been  determined  in  a  CF4  RIE  plasma 
with  Al,  Si02  and  Si  substrates  on  the  powered  electrode,  using  laser  induced  fluorescence  and 
absolute  calibration  techniques.  The  results  show  that  net  production  of  these  species  occurs  at 
the  substrate  surface  under  many  conditions,  an  effect  which  is  particularly  marked  with  Si.  Time 
resolved  experiments  in  pulsed  plasmas  show  that  the  phenomenon  is  linked  to  energetic  ion 
bombardment.  Absolute  produced  radical  fluxes  are  compared  to  incident  ion  fluxes  to 
distinguish  between  different  potential  mechanisms.  Mass  analysis  of  the  positive  ions  shows  tlie 
presence  of  heavier  ions  in  fluorine  poor  conditions,  suggesting  that  gas  phase  polymerisation 
takes  place.  The  implications  of  these  results  for  the  polymer  formation  mechanism  will  be 
discussed. 


1.  Introduction 

Selective  etching  of  SiO:  over  Si  in  fluorocarbon 
plasmas  depends  on  the  formation  of  pol\Tner  layers. 
The  exact  mechanism  by  which  this  polymer  is 
formed  is  still  poorly  understood,  but  the  deposition 
rate  is  well  correlated  with  high  concentrations  of 
CFx  radicals.  Previous  work  in  tliis  laboratory',  using 
laser  induced  fluorescence  (LIF)  to  detect  CF  and 
CF2  radicals  with  high  spatial  resolution,  has  shown 
that,  contrary  to  expectations,  the  net  flux  of  these 
species  is  often  away  from  the  substrate  surface  at 
the  RF  electrode,  especially  with  an  Si  substrate  [1]. 
Thus  these  species  are  produced  predominantly  at 
this  surface,  rather  than  by  gas  phase  fragmentation 
of  the  parent  gas.  In  this  study  we  have  now  put  the 
concentration  profiles  (and  thus  the  net  fluxes)  on  an 
absolute  scale,  and  compared  them  with  the  incident 
ion  flux. 

2.  Experimental 

The  experiments  were  carried  out  in  a  modified 
30cm  diameter  Nextral  RIE  reactor  with  a 
thermostated  10cm  diameter  powered  electrode 
surrounded  by  a  co-planar  grounded  guard  ring  and 
separated  by  3.3cm  from  the  grounded  counter¬ 
electrode.  The  plasma  was  sustained  b\  I3.56MHz 
power,  which  could  be  modulated  on  and  off  in  5ps, 
applied  though  an  L-type  matching  network.  Si  and 
Si02-coated  substrates  placed  on  the  aluminium  RF 
electrode  were  kept  in  good  thermal  contact  by  a 
layer  of  silicone  vacuum  grease. 

Relative  radical  concentration  profiles  were 
determined  by'  the  laser  induced  fluorescence 
technique  combined  with  translation  of  the  reactor 
relative  to  the  optics  [2],  The  CF:  profiles  were  put 


on  an  absolute  scale  by  a  UV  absorption  technique 
using  a  broad-band  Xe  lamp  source  [3],  whereas  the 
CF  LIF  signal  was  compared  with  that  from  a  known 
concentration  of  NO  gas,  using  a  new  method  to 
allow  for  optical  saturation  effects  [4],  The  ion  flux 
to  the  counter-electrode  was  measured  using  a  novel 
Langmuir  probe  teclmique  that  is  tolerant  of 
insulating  deposits  [5], 

3.  Results  and  Discussion 

Typical  steady-state  concentration  profiles  in  a 
50mTorr  CF4  plasma  are  shown  in  Figs  1  emd  2.  The 
CF  radical  was  produced  at  the  RF  electrode  and  lost 
at  the  counter-electrode  for  all  substrates  studied, 
with  net  sticking  coefficient,  a,  of  about  0.2.  The 
almost  linear  nature  of  the  profiles  indicates  that  little 
reaction  occurs  in  the  gas  phase  at  this  pressure. 


Fig.  I.  CF  concentration  profiles  in  a  lOOW  50 
mTorr  CF4  plasma  with  different  substrates  on  the 
RF  electrode. 
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Fig.  2.  CF2  concentration  profiles  in  a  lOOW  50 
mTorr  CF4  plasma  with  different  substrates. 

The  CF2  results  are  rather  more  complex;  small 
production  occurs  at  A1  and  SiO:  substrates,  with 
loss  occurring  at  the  counter-electrode  (a  =  0.15). 
The  profiles  are  slightly  convex,  indicating  some  net 
gas-phase  production.  With  a  Si  substrate  the  CF2 
concentration  is  much  higher,  and  small  net 
production  occurs  even  at  the  counter-electrode.  A 
similar  phenomenon  was  observed  when  C2F6  gas 
was  used  (even  without  Si),  strongly  suggesting  that 
it  is  linked  to  low  [F]  conditions. 

The  net  flux  of  radicals  produced  at  the  substrate 
can  be  calculated,  using  Fick's  law,  from  the 
concentration  gradient  and  the  diffusion  coefficients 
in  CF4:  90cm^s'’Torr  for  CF  (estimated  from  the 
values  for  NO  and  CF4.  after  allowing  for  the 
difference  in  reduced  mass  [6])  and  65cnrs''Torr  for 
CF2  [7].  The  fluxes  are  summarised  in  Table  I. 


Table  I.  Neutral  fluxes  leaving  the  substrate,  and  incident 
ion  fluxes  (measured  at  the  counter-electrode)  in  a 
50mTorr  CF4  lOOW  plasma.  Units  of  I0‘^cm'-s‘‘ 


Substrate 

CF 

CF- 

Ion  flux 

A1 

0.5 

0.2 

2.2 

Si02 

I.O 

0.8 

0.9 

Si 

2.2 

1.5 

0.9 

The  ion  fluxes  to  the  sidewalls  were  an  order  of 
magnitude  smaller,  indicating  a  strong  radial  gradient 
in  the  plasma  density.  Further  iiifonuation  is  obtained 
from  concentration  profiles  taken  after  plasma 
extinction.  The  A1  substrate  becomes  a  net  sink  for 
both  species  as  soon  as  ion  bombardment  has 
stopped.  The  Si02  substrate  continues  to  produce 
both  for  several  milliseconds,  whereas  Si  produces 
CF2  and  consumes  CF. 


In  experiments  at  the  higher  pressure  of 
200niTorr,  strong  production  of  both  radicals  occurs 
at  all  substrates,  but  gas-phase  reactions  become 
important,  leading  to  concave  profiles. 

Several  mechanisms  can  be  proposed  to  explain 
the  observed  radical  production.  Energetic  ion 
bombardment  is  a  necessary  component,  as  the 
phenomenon  only  occurs  at  the  powered  electrode 
(except  for  the  CF2/Si  case).  Neutralisation, 
reflection  and  dissociation  of  the  CFx^  ion  flux  is  one 
possibility.  However,  the  neutral  flux  exceeds  the  ion 
flux  when  Si  and  Si02  substrates  are  present,  so  this 
cannot  account  for  the  whole  flux  unless  either  i)  the 
ion  flux  to  the  powered  electrode  is  significantly 
greater  than  that  measured  at  the  counter  electrode, 
or  ii)  there  is  more  than  one  carbon  atom  per  incident 
ion.  Another  mechanism  is  sputtering  of  fluorocarbon 
polymer  film  present  on  tlie  substrate.  In  this  case  w'e 
must  account  for  the  flux  of  carbon-containing 
material  to  the  surface  to  form  this  polymer:  it  is  not 
formed  from  CF^  radicals  (which  have  a  net  flux 
away  from  the  surface)  or  from  ions  (whose  flux  is 
too  low').  We  propose  that  gas  phase  radical 
recombination  reactions,  e.g. 

CFj  +  CF,  +M  ->  C2F5  +  M  (1) 

CF3(CF2)„+  CF2  +M  CF3(CF2)„4,  +  M  (2) 
lead  to  the  formation  of  heavier  molecules,  and  that 
these  are  the  pol>mer  precursors.  Under  atomic 
fluorine  poor  conditions  (with  Si  or  Si02  substrates 
or  with  C2F6  gas)  the  CF2  recombination  rate  with 
gaseous  F  and  at  the  w'alls  becomes  small,  the  [CF2] 
rises  and  these  otherwise  slow  reactions  become 
significant. 
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1.  INTRODUCTION 

In  our  previous  work  on  particle  nucleation  and 
growth,  we  identified  four  phases:  i)  molecular  phase 
leading  to  the  formation  of  2  nm  mean  size 
crystallites,  ii)  ciystallitcs  formation  and  accumulation 
up  to  a  critical  concentration,  iii)  coalescence  of  the 
ci^.stallites  to  form  more  and  more  big  particles.  i\) 
particle  growth  bv  molecular  slicking  on  there  surface 
[1]. 

Focusing  our  interest  on  the  first  phase  of  this 
phenomena,  we  showed  that  the  coalescence  of  the 
crystallites  starts,  at  room  temperature,  at  about  150 
ms  after  the  ignition  of  the  discharge.  We  showed  also 
that  the  occurrence  of  the  ciystallites  can  be  delated 
just  by  vaiydng  the  gas  temperature.  For  example,  at 
IOO°C,  these  ciystallites  appear  at  about  1  s  after  the 
ignition.  Therefore,  if  we  sw  itch  on  the  discharge  for  a 
laps  of  time  leading  to  the  formation  of  the  ciystallites 
and  to  avoid  the  beginning  of  the  coalescence 
phenomena,  we  can  elaborate  nanociystalline  or.  for 
high  temperature,  amorphous  thin  films. 


pm^.  The  measurements  were  performed  on  films 
prepared  at  different  gas  temperatures.  At  room 
temperature  (Fig.  1)  the  spectrum  reveals  two 
contributions:  a  civ  stalline  one  (Ic)  and  an  amorphous 
one  (la). 


350  400  450  500  550  600 

Raman  shift  (cm 


2.  EXPERIMENTAL  DETAILS 

We  used  a  13.56  MHz  rf  discharge  reactor  with 
a  cj-lindrical  grounded  stainless  steel  box  of  130  mm 
in  diameter.  A  grid  of  20%  transparency  at  its  bottom 
allow's  a  laminar  gas  flow  [2].  The  gas  mixture  was  1.2 
seem  of  silane  and  30  seem  of  Ar  w  hich  results  on  a 
total  pressure  of  110  mTorr.  The  growth  films  was 
deposited  by  pulsed  discharge  with  \  arious  Ton  of  the 
discharge  on  7059  Corning  glass.  Sc\eral  techniques 
have  been  used  to  in\  cstigatc  the  structure  of  the  films 
(Micro-Raman  scattering.  UV-\isible  cllipsomctrs. 
infrared  transmission.  X  ra>-  diffraction  and  XPS).  in 
this  paper  we  shall  mostl.v  present  the  results  obtained 
by  Micro-Raman  scattering  and  spectroscopic 
ellipsometiy  characterization. 

3.  RESULTS  AND  DISCUSSION 
3.1.  Micro-Raman  characterization 

In  order  to  avoid  any  laser  modification  of  the 
film  structure  by  the  Ar-laser  beam  source,  wc  fixed 
the  laser  power  on  the  sample  surface  at  a  \ery  low 
level  of  0.03  mW.  The  spot  size  on  the  film  is  about  1 


Fig.  1:  Micro-Raman  spectrum  of  a  film 
deposited  at  room  temperature.  The  spectrum 
re^'eals  two  contributions  :  a  crystalline  one  (Ic) 
and  an  amorphous  one  (Ig). 


The  \  olume  fraction  (Xq)  of  the  erystallites  (d) 
from  the  relati\  e  magnitude  of  these  two  contributions: 


X 


c 


Ic 

la  Ic 


(1) 


The  shift  Am  of  the  ciy'Stalline  peak  with 
respect  to  its  position  of  for  a  bulk  crystalline  silicon 
leads  to  the  size  (d)  of  the  ciy'stallites  in  the  film: 


where  B  -  2.0  cm'^  nm^.  The  results  are  summarized 
in  Table  1. 

These  results  are  in  good  agreement  with  those 
obtained  b\  grazing  incidence  X  ray  diffraction.  For  T 
=  1()()°C.  the  film  is  completely  amorphous. 
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T(°C) 

Xc  (%) 

d  (nm) 

0 

50 

5.6 

25 

46 

3.6 

50 

20 

2.9 

100 

0 

- 

Table  1;  Volume  fraction  (Xc)  and  size  (d)  of 
the  crA’stallites  in  the  film,  deduced  from  Raman 
measurements,  as  a  function  of  the  gas 
temperature. 


3.2.  Laser  cn*  stallization 

In  order  to  confirm  the  role  of  the  cn’stallites  as 
seeds  in  the  crystallization  of  the  film,  we  studied  the 
cry'Stallization  of  the  produced  thin  films  with  different 
Ton  (different  cry'Stallites  size),  under  laser  irradiation. 
We  used  an  XeCl  excimer  laser  (/.  =  308  nm,  pulse 
duration  40  ns).  The  laser  beam  was  focused  on  a  2 
cm^  area  of  tbe  sample  surface.  In  these  conditions  the 
maximum  laser  fluence  obtained  is  190  mJ/cm^.  The 
laser  fluence  was  progressi^’el\’  increased  from  mJ/cm^ 
and  the  crystallization  was  controlled  by  UV-Ausible 
ellipsometry. 


Figi.  2l  62  spectra  of  a  film  deposited  w  ith  Tq,,  = 
100  ms  before  and  after  laser  crystallization. 
Note  the  broad  shoulder  at  about  4.2  eV  which 
occurs  after  crystallization. 

First,  when  the  laser  fluence  increases  the  £2  of 
the  film  increases  gradually,  indicating  a  densification 
of  the  material.  When  the  threshold  of  crystallization 
(Ecryst)  is  reached,  a  drastic  change  in  r,2  spectrum 
occurs  with  a  broad  shoulder  at  about  4.2  eV  [3].  This 
behavior  is  a  characteristics  of  inicrocrystalline 
material  where  a  crystalline  phase  is  embedded  in  an 
amorphous  matrix.  Preliminary  quantitative 
exploitation  of  these  results  indicates  that  the  laser 
crj'stallization  concerns  200  to  300  nm  of  the  film 
thickness.  More  quantitaiixe  information,  such  as  the 
optical  gap  and  the  morphology  of  the  material,  can  be 
extracted  from  ellipsometric  measuremehts  and  will  be 


discussed  in  another  paper.  For  example  the  volume 
fraction  of  the  cry'stalline  phase  can  be  deduced  from 
the  ellipsometric  measurements  according  to  the 
effective  medium  theory  which  allows  the  dielectric 
response  of  a  heterogeneous  material  to  be  described 
from  the  dielectric  functions  of  its  constituents  [4]. 

In  Fig.  2  are  represented  the  £2  spectra  of  a  film 
corresponding  to  T^,,  =  100  ms  before  and  after  laser 
crystallization. 

The  results  summarized  in  Table  2  allow  the 
following  remarks:  i)  The  values  of  the  threshold 
energy  of  crystallization  which  are  low  than  the  one  of 
the  standart  hydrogenated  amorphous  silicon  (a-Si:H) 
which  is  near  145  mJ/cm^  [4].  ii).  The  threshold 
energy  of  crystallization  decreases  when  Tq„  increases. 


Ton  (ms) 

Ecryst  (mJ/cm^) 

100 

103 

200 

103 

400 

78 

1000 

51 

CW 

125 

Table  2:  Threshold  energy  of  crystallization 
(Eciyst)  as  a  function  of  the  Ton  of  the  plasma 
deposition  of  the  film.  CW  corresponds  to  a  film 
deposited  under  continuous  plasma.  As  a 
comparison,  the  threshold  energy  for  a  standard  a- 
Si;H  is  145  mJ/cm^. 

4.  CONCLUSION 

In  this  contribution  we  reported  some  results  on 
a  method  based  on  low  pressure  RF  discharge  for  the 
elaboration  of  new  materials  showing  optoelectronic 
properties  different  from  those  of  a-Si:H.  They  consist 
in  an  amorphous  matrix  encrusted  with 
nanocrystallites  which  can  play  the  role  of  seeds  for 
the  crystallization  of  such  thin  films. 

Films  obtained  wiih  H2  and  silane  mixture  are 
under  imestigation.  Preleminary  results  show  that 
these  films  show  completely  different  optical, 
electrical  and  mechanical  properties.  They  present  a 
higher  £2  and  higher  dark  conductivity  and 
photoconductivit)'  and  seems  to  be  promising  as 
photovoltaic  materials. 
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An  increasing  interest  both  theoretical  and 
experimental  is  currently  devoted  to  the  study  of 
reactive  plasmas  in  mixture  continuing  N2  molecules, 
and  in  particular  to  the  study  of  N2-H2,  N2-O2,  N2-F2 
discharges.  Special  attention  is  given  to  the  coupling 
between  the  electron  and  vibrational  kinetics  of  N2(X,v) 
and  F2(X,v')  molecules  due  to  the  important  role  played 
by  the  e-V  superelastic  collision,  as  well  as  to  the 
coupling  between  both  vibrational  kinetics. 

In  nitrogen  discharge,  the  electron  energy  distribution 
function  (EEDF)  is  strongly  coupled  to  the  vibrational 
distribution  of  the  ground  stale.  The  evolution  of  this 
vibrational  distribution  shows  of  the  EEDF  evolution 
also  slow.  This  evolution  occurs  during  the  starting  of 
the  discharge  and  during  the  post-discharge.  The 
electronic  rate  coefficients  for  population  of  excited 
state  are  also  dependent  on  the  EEDF[1]. 

The  results  show  a  large  deactivation  on  vibrational 
levels  belonging  to  the  plateau  of  nitrogen  vibrational 
distribution  with  strong  consequences  on  the 
dissociation  and  ionization  rate  of  nitrogen  plasmas. 

The  problem  of  absolute  negative  conductivity 
(ANC)  of  low  temperature  plasmas  have  being  recently 
published[2].  The  sign  of  the  total  conductivity  depends 
on  the  concentration  of  negative  and  positive  ions  and 
their  mobility.  Estimates  show,  that  the  time  interval 
exists  in  which  the  total  conductivity  will  be  negative 
from  E/N  =  0  to  some  critical  E/N. 

The  experimental  setup  used  for  the  present  study  is  in 
two  devices.  The  first  investigation  were  carried  out 
with  a  UV-preonized  self-sustained  discharge  camera 
with  length  of  active  medium  was  63  cm,  the  distence 
between  electrodes  was  2.2  cm,  ratio  of  buffer  volume 
and  active  volume  was  10^.  The  materials  of  this 
camera  were  selected  in  consideration  of  their  stability 
in  galogen  medium  for  minimization  of  fluorine 
concentration  decrease,  and  also  in  consideration  of 
their  chemical  purity  for  impurities  concentration 
reduction  in  camera,  which  were  formed  as  a  result  of 
chemidesorption  and  UV  stimulation  desorbtion  from 
the  surface.  In  turned  out  possible  for  a  number  of 
materials  to  improve  the  surface  properties  by 
employment  of  fluoro-polimer  coating.  Discharge 


voltage  was  of  23  kV,  current  of  13  kA,  pulse 
recurrence  frequency  of  10-20  Hz,  pulse  duration  of 
200  ns  [3].  The  main  part  of  measurements  was  carried 
out  for  gas  mixture  of  He/  N2/  F2  (1400/  100/  20  torr). 

The  second  investigation  were  carried  out  with 
electrodeless  induction  glow  plasma  canal  in  toroidal 
insulation  sections  st,  steel  camera  diameter  of  7  cm, 
and  length  of  200  cm  transformator  plasmotrone[4], 
turn  voltage  of  200  V,  total  current  in  plasma  of  200  A, 
gas  temperature  of  500  K,  electrons  temperatme  of  20 
000  K,  electrons  concentration  1014  cm'^,  E/N=2  10" 
Vcm^,  temperature  characteristics  of  cooling  water 
in  reactor  (plasmotron  chamber)  jacket;  at  the  inlet 
10°C,  at  tire  outlet  35°C. 

Experiment  have  been  performed  in  the  pressure  range 
between  5  and  20  mbar  with  admixture  of  F2  going 
partial  pressure  of  1  and  5  mbar  for  F2. 

Experimental  confirm  that  F2  full  converted  only  into 
NF3.  The  reaction  products  were  detected  by 
gaschromatography  as  well  as  by  absorption 
spectroscopy.  Experimental  results  is  an  chemical 
quasi-equilibrium  in  reactive  non  isothermical  plasma. 
Chemical  quasi-equilibria  describe  stationary  states  of 
a  reactive  plasmas  which  can  be  reacted  from  both  sides 
of  a  reversible  gross  reaction  and  which  are 
independent  (sometimes  only  in  restricted  region)  on 
the  operation  parameters  of  the  reactor  (e.g.  the  power 
input).  The  formation  of  such  quasi-equilibria  is 
experimental  secured[5]. 

This  device  may  be  work  out  the  process  NF3  producing 
from  the  N2-F2  under  the  atmosphere  pressure  of  gas 
plasma  chamber.  It  was  developed  the  project  of 
commercial  plant  with  the  follows  characteristics:  NF3 
capacity  1  000  ton  per  year  with  energy  consumption 
per  1  ton  of  NF3  4000  kWt  hour. 

Numerical  modeling  of  the  chemical  reaction  system 
has  been  done,  using  the  LASKIN  computer  code[6]. 

Plasmochemical  method  annihilation  and  processing  of 
different  toxic  substances,  e.g.  industrial  waste  of 
fluoroorganic  products  manufacture  used  engine  and 
transformer  oil,  containing  large  spectrum  of  various 
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iinpurities,  has  been  developed.  Further  processing 
consist  in  separation  of  non-toxic  substances  from  toxic 
gases  formed  and  in  neutralization  of  last  ones. 
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I- Introduction 

Plasma-enhanced  chemical  vapour  deposition 
techniques  (PECVD)  are  particularly  attractive  in 
microelectronics,  as  they  permit  material  deposition  at  a 
relatively  low  temperature.  They  also  provide  the 
possibility  of  achieving  an  in-situ  plasma  cleaning  of 
the  semiconductor  surface,  before  the  insulator  layer 
deposition. 

Silicon  nitride  films  prepared  by  PECVD  have 
come  to  be  widely  used  in  III-V  semiconductor  device 
technology.  They  can  be  applied  as  an  interlayer 
insulation,  as  the  final  passivation  film  in  integrated 
circuits,  and  as  a  charge-storage  layer  of  metal-nitride- 
oxide-semiconductor  (MNOS)  memory  devices. 
Nowadays,  silicon  nitride  is  used  as  a  gate  dielectric  for 
amorphous  silicon  (a-Si:H)  thin  film  transistors  (TFTs) 
[1],  because  it  can  offer  low  defect  density  when 
deposited  under  certain  operating  conditions. 

II- Experiments 

SiNxHy  films  were  deposited  by  PECVD.  at 
300°C,  using  a  gas  mixture  of  ammoniac  and  silane,  for 
different  values  of  gas  ratio  R  (ammoniac/silane)  under 
variable  radiofrequency  (rO  power.  Thereby  the  film 
composition  could  vary  widely. 

When  rf  power  and  gas  ratio  R  values  are  quite 
low,  silicon  nitride  films  are  silicon-rich.  On  the 
contrary,  when  synthesized  under  higher  values  of  R  and 
power,  films  are  rather  nitrogen-rich,  in  particular  with 
no  detectable  Si-H  bonds.  These  experimental  results 
have  incidentally  been  confirmed  by  modelling  works  of 
rf  plasma  SiNxHy  deposition  [2].  They  have  indeed 
shown  that,  under  low  silane  percentage  and  high  power, 
silane  di.ssociation  products  react  with  NH2,  NH  and  H 
radicals,  leading  to  the  formation  of  aminosilane  active 
species,  and  finally  to  a  nitrogen-rich  film.  On  the  other 
hand,  under  higher  silane  percentage  and  lower  power, 
silane  dissociation  products  become  dominant,  leading 
to  the  formation  of  disilane  (Si2H6).  and  finally  to  a 
silicon-rich  film. 

The  effects  of  plasma  deposition  conditions  on 
physico-chemical  and  electrical  properties  of  SiNxHy 
films  have  been  reported. 

III- Results  and  discussion 

Ilf-J-UVIVIS  spectroscopy 

The  Tauc  optical  bandgap.  Eg,  was  graphically 
obtained  for  films  deposited  with  R  varying  from  16.7 
to  50  and  at  two  different  power  densities.  The 
variations  of  Eg  with  R  and  power  density  are  illustrated 
in  figure  1. 

It  appears  that  the  optical  bandgap  increases 
with  R  and  power  density,  until  reachir.g'a  value  close 
to  the  one  obtained  in  case  of  stoichiometric  CVD 
silicon  nitride  films.  According  to  Robenson  [3],  the 
bandgap  of  silicon-rich  films  is  controlled  by  Si-Si  and 


Si-H  bonds,  whereas  that  of  nitrogen-rich  films  is 
controlled  by  Si-N  and  N-H  bonds. 


The  bandgap  broadening,  with  the  increase  of  N  amount, 
should  thus  result  from  the  progressive  replacement  of 
Si-Si  bonding  and  antibonding  states  by  N  atoms  prt 
states  and  Si-N  and  N-H  antibonding  states  respectively 
(the  latter  being  further  away  from  the  midgap  than  the 
foimer). 

Furthermore,  these  results  agree  with  X-ray 
photoelectron  spectroscopy  (XPS)  analyses,  which  have 
confirmed  the  existence  of  Si  3p-Si  3p  states  in  silicon- 
rich  films.  These  states  do  not  appear  in  nitrogen-rich 
films,  and  are  replaced  by  new  states  identified  as  N  2pz 
states. 

III-2-Infrared  spectroscopy 

Infrared  spectroscopy  analyses  have  provided 
some  accurate  informations  about  different  bonds  present 
in  SiNxHy  films  and  about  their  surroundings. 

In  order  lo  remove  the  ambiguity  previously 
reported  in  literature  [4]  about  the  absorption  peak  at 
840  cm'l,  direct  transmission  and  reflection 
measurements  have  been  carried  out  on  SiNxHy  films 
deposited  onto  intrinsic  silicon  substrate.  Corresponding 
infrared  spectra  are  reported  in  figure  2. 


direci 
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Figure  2  :  a-.SiNxHv  spectra  obt.ained  hv 
direct  tr.ansmission  and  bv  reflection 
On  the  spectrum  of  the  film  analysed  by 
reflection,  a  wide  abnormal  reflection  peak  appears  at 
840  cm'^  instead  of  the  absorption  peak  expected  and 
present  in  the  other  spectrum.  This  peak  might  be  due 
to  a  strong  refiectivity  of  the  incident  light  at  the 
interface  air/silicon  nitride  (Reststrahlen  Effect). 
Therefore,  in  case  of  direct  transmission  analysis,  the 
peak  generally  ob.served  could  be  mainly  constituted  by 
an  abnormal  reflection  peak.  In  order  to  avoid  a  false 
interpretation  of  ihe  peak  amplitude,  it  is  then  suggested 
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to  analyse  films  under  specular  reflection  (with  films 
deposited  onto  metallized  substrate). 

In  order  to  understand  precisely  how  the  infrared 
incident  beam  interacts  with  material,  the  beam  has  been 
polarized  on  one  hand  ,  and  inclined  on  the  other.  When 
it  is  polarized  in  a  parallel  way.  the  electrical  field 
perpendicular  component.  E  x  .  is  suppressed,  and 
inversely  when  the  beam  is  polarized  in  a  perpendicular 
way,  it  is  the  electrical  field  parallel  component,  E//. 
which  is  suppressed.  This  latter  has  two  sub¬ 
components  :  which  is  its  projection  in  the 

direction  perpendicular  to  the  sample  plane,  and  E/yq-. 
which  is  its  projection  in  the  sample  plane.  It  becomes 
apparent  then,  that  when  the  tight  is  perpendicular- 
polarized,  longitudinal  optical  phonons  of  the  material 
cannot  be  excited,  whereas  when  the  light  is  parallel- 
polarized.  both  longitudinal  and  transversal  optical 
phonons  can  be  excited,  though  the  last  ones  are  less 
excited  than  in  the  previous  case  (because  of  the  absence 
of  E  X  ).  Spectra  obtained  in  case  of  polarized  light  are 
shown  in  figure  3. 
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Figure  3  :  Effect  of  polarization  on  a-SiNxHv  spectra 


The  peak  amplitude  at  840  cm’^  decreases  in 
case  of  parallel  polarization  and  on  the  contrary, 
increases  in  case  of  perpendicular  polarization.  Inversely, 
the  peak  amplitude  at  1070  cm'^  shows  opposite  trends. 
As  these  two  peaks  are  both  assigned  to  Si-N  bond 
stretching  modes  [5],  it  seems  then  that  the  first  and  the 
second  peaks  are  due  to  a  transversal  and  a  longitudinal 
optical  mode  respiectively.  Additional  experiences  carried 
out  under  variable  infrared  beam  angle  of  incidence,  lead 
to  identical  conclusions. 

The  effects  of  operating  conditions  on  Si-H  and 
N-H  bonds,  whose  stretching  modes  appear  re.spectively 
at  about  2100  and  3330  cm have  next  been  studied.  It 
is  observed  that  Si-H  bond  concentration  decreases  when 
films  become  richer  in  nitrogen,  and  at  the  same  time. 
N-H  bond  concentration  increases.  These  last  results 
confirm  the  previously  reported  interpretation  of  the 
optical  bandgap  broadening. 

IlI-3-Electrical  measurements 

Among  different  electrical  characterization 
techniques,  the  fixed  defect  amount  has  been  evaluated 
by  means  of  capacitance/voltage  measurements,  for 
different  operating  parameters.  The  next  figure  (figure  4) 
represents  the  evolution  of  the  amount  of  fixed  charges 
with  R. 


It  always  corresponds  to  the  presence  of 
positive  fixed  charges  and  is  found  to  decrea.se  strongly 
with  increasing  R. 

The  influence  of  power  on  fixed  charge  amount, 
appears  to  be  quite  strange.  Indeed,  .when  power 


increases,  silicon  nitride  films  seem  to  own  a  smaller 
amount  of  fixed  charges,  though  electronic  and  ionic 


R  (ammoniac/silane) 

Figure  4  :  Trapped  charge  quantity  vs  ga.s  ratio  R 
bombardment  increases  and  therefore  should  promote  an 
increase  in  charge  trapping.  In  fact,  the  power  increase  is 
directly  related  to  the  modifications  in  film 
composition,  as  when  R  increases.  As  already  seen, 
according  to  modelling  and  spectroscopy  results,  the 
power  increase  corresponds  to  the  formation  of  nitrogen- 
rich  deposit  precursors  with  respect  to  silyl  radicals 
leading  to  a  nitrogen-rich  silicon  nitride.  Therefore,  it 
can  be  concluded  that  electronic  and  ionic  bombardment 
due  to  rf  discharge  does  not  play  an  important  role  for 
the  experimental  conditions  considered,  and  that  the 
trapping  rate  seems  to  be  indirectly  controlled  mainly  by 
physical  and  chemical  mechanisms  in  gaseous  phase, 
i.e.  directly  controlled  by  the  chemical  nature  of  bonding 
in  the  material. 

IV-ConcIusions 

Plasma-deposited  silicon  nitride  films  have 
been  analysed  under  different  techniques.  The  results 
obtained  are  in  good  agreement  with  each  other  and  with 
previous  studies,  and  help  to  understand  the  mechanisms 
that  determine  material  quality,  in  order  to  improve 
them. 

UV/visible  sp)ectroscopy  has  shown  an  optical 
bandgap  broadening  when  silicon  nitride  films  become 
richer  in  nitrogen.  This  broadening  is  attributed  to 
progressive  replacement  of  Si-Si  and  Si-H  bond  states 
by  Si-N,  N-H  and  N  atoms  pt:  states. 

Infrared  spectroscopy  has  in  particular  revealed 
an  anisotropic  effect  probably  due  to  short-range  atomic 
arrangement  in  silicon  nitride  films.  Thus,  the 
absorption  peaks  at  about  840  cm'^  and  1070  cm’^  are 
identified  respectively  as  due  to  a  transversal  and  a 
longitudinal  optical  Si-N  stretching  mode. 

The  amount  of  fixed  charges  determined  by 
electrical  characterization  of  silicon  nitride  films, 
decreases  with  increasing  amount  of  N.  The  origin  of 
charge  trapping  seems  then  rather  due  to  the  chemical 
nature  of  bonding  than  to  the  electrical  character  of  the 
discharge. 
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1.  Introduction. 

Magnetron  sputtering  of  various  materials  in  Argon  gas 
is  widely  used  in  thin  film  deposition  technology  [1]. 
Magnetron  sputtering  in  Xenon  gas  is  also  of  great 
interest  to  study  the  sputtering  of  BN  ceramics  in  Xe  ion 
sources  for  stationary  plasma  thrusters  [2].  Previous 
studies  in  argon  magnetron  discharges  with  aluminium 
target  have  be  devoted  to  the  spectroscopic  analysis  of 
Ar,  Ar^  A1  radiative  states  and  to  Ar  (^P2,i.o,'Pi ) 
metastable  and  resonant  states  [3,4].  In  the  present  work, 
the  Xe,  Al,  B  radiative  states  and  Xe  (^P2)  metastable 
atoms  are  analysed  for  Al  and  BN  targets  by  changing 
gas  pressure  and  power  of  the  RF  magnetron  discharge. 

2.  Experimental  setup. 

The  experimental  setup  is  reproduced  in  Fig.l.  The 
magnetron  cathode  can  be  in  Al  (thickness  5mm)  or  in 
BN  (thickness  3mm)  of  dia.  33mm.  The  cathode  is 
surroimded  by  a  guard  ring  at  the  ground  potential.  On 
the  cathode  surface,  the  magnetic  induction  (B  =  400 
gauss)  confines  the  electrons  vshich  are  producing  a 
plasma  at  about  1  cm  above  the  cathode  surface.  The 
13.56  Mhz  r.f  power  can  vary  fi’om  1  to  50  watts,  for  a 
gas  pressure  between  3  and  150  mTorr.  As  shown  in 
Fig.l,  the  plasma  is  analysed  by  emission  and  absorption 
spectroscopy  via  a  quartz  optical  fiber  with  a  spatial 
resolution  estimated  to  be  2  mm.  The  spectrometer  is  a 
Chromex  2501  S  with  a  CCD  camera. 

3.  Intensities  of  radiative  species  (Xenon 
and  sputtered  atoms). 

Intensity  (I^)  of  xenon  and  sputtered  atom  lines  have 
been  recorded  at  1  mm  above  the  cathode,  at  the 
maximum  of  the  negative  glow.  Variations  of  Log  Ix 
versus  Log  W  (RF  power)  are  reproduced  in  Fig.2  for 
the  Al  396.1  nm  and  Xe  840.9  nm  lines.  It  is  deduced 
Ix=W**  variations  with  P=0.5(±0.03)  for  Xe  and 
P=1 .9(±0.5)  for  Al.  In  an  argon  plasma,  it  was  also 
found  P=0.5  for  the  argon  lines[3].  By  assuming  as  for 
Ar  a  direct  electron  excitation  of  Xe  radiative  states,  it 
is  deduced  that  Ix(Xe)«n<.  with  ne^W”  ’ . 

The  Al  line  intensity  ratios  in  the  two  Ar  and  Xe 
discharge  are  reported  in  table  1  for  the  same  plasma 
parameters  :  25  and  lOOmTorr  and  a  RF  power  between 


5  and  50  watts.  It  is  deduced  that  the  Al  line  intensity  is 
about  1 0  to  20  %  lower  in  Xe  than  in  Ar  discharges. 
With  the  BN  ceramic  cathode,  the  B,  X=249.7  nm 
intensity  was  largely  weaker  in  Xe  than  in  Ar 
discharges.  At  25  mTorr,  50  watts,  the  intensity  ratio 
lB(Xe)/lB(Ar)=0.27.  It  is  then  concluded  that  Ae  Xe"^ 
ions  have  a  sputtering  rate  lower  than  the  Ar^  ions,  by  a 
factor  0.8-0.9  for  Al  and  as  low  than  0.3  for  BN. 

4.  Density  of  Xe(^2)  metastable  atoms. 


The  density  of  Xe(^P2)  has  been  determined  by  the 
resonant  absorption  method  of  Mitchell-Zemansky.as  it 
is  detailed  in  ref  3,4.  Briefly,  the  AL-absorption 
coefiBcient:  AL=l-It/Io  (L  .L)  transmitted  and  incident 
intensity  coming  fi-om  a  Philips  lamp)  is  related  to  the 
k„oL  optical  thickness : 


=  8.2510 
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(f-oscillator  strength  of  the  chosen  absorbing  line  of 
Doppler  broadening  Sam'*  in  the  plasma,  L-absorption 
length  and  nxe(3P2)  density  of  metastable  atoms)  through 
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broadening).  The  factor  a  has  be  calculated  by 
estimating  that  in  the  Philips  lamp  (R=lcm),  the  spectral 
lines  are  self-absorbed  by  their  own  metastable  atoms  of 
density  between  lO"  and  10‘^  cm'^  with  a  Doppler 
broadening  of  X=5300K.  It  has  been  chosen  the  Xe  823.2 
nm,  Xe  line  has  been  chosen  whose  f=0.227  [5,6]  and 
with  a823.2=l  -2-2. 1 .  The  L  absorption  length  has  been 
estimated  by  measuring  Al  versus  the  Z-axial  distance 
above  the  magnetron  cathode  [3].  It  is  obtained  L=10 
cm  at  25  mTorr,  SOW  and  L=8cm  at  lOOmTorr,  SOW. 
The  Xe  (^P2)  metastable  densities  determined  wath  Al 
and  BN  targets  are  reported  in  Table2.  It  was  found 
constant  values  of  Xe(^P2)  metastable  densities  between 
5  and  50  watts,  indicating  that  the  Xe(^P2)  atoms  have 
reached  satured  values  as  for  the  Ar(^P2)  atoms  [3]  as  a 
result  of  production  and  destruction  by  electron 
collisions.  It  is  also  concluded  fi'om  table  2  that  the 
Xe(^P2)  metastable  densities  are  not  really  affected  by 
the  Al  or  BN  cathode  material.  In  similar  conditions 
with  Ar  discharges,  it  was  found  for  the  Ar(^P2) 
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metastable  atoms  [3]  :  Ar(^P2)={3-6)10'°cm'^  at  25 
mTorr  and  Ar  (^P2)={2-3)10'°cm"^  at  lOOmTorr  which 
are  in  the  same  order  of  magnitude  than  for  Xe(^p2). 

5.  Conclusions. 

Cathode  magnetron  discharges  in  Ar  and  Xe  are 
working  with  similar  electron  kinetics.  In  the  same 
conditions  of  pressure,  power  and  with  two  cathode 
targets:  A1  and  BN,  it  has  been  found  about  the  same  Ar 
and  Xe  metastable  atom  densities :  (1-3)  10'°  cm'^  and 
the  same  electron  density  variations  with  the  discharge 
power:  ne«  As  it  concerns  the  sputtering  yields  of 
A1  and  BN  targets,  lower  rates  have  been  determined  in 
Xe  as  compared  with  Ar,  by  a  factor  of  1 . 1  to  1 .2  with 
Al,  droping  to  about  3  with  BN.  It  can  be  concluded  that 
Xe  is  a  sputtering  gas  weaker  than  Ar  on  BN  targets. 


Table  1  : 

Variations  of  the  intensity  ratio  r  =  I  Ai(Xe/ 1  Ai(Ar)  of  Al  I 
396. 1  nm  versus  the  RF  power  in  Xe  and  Ar  discharges. 


W  RF  (Watts) 

5 

10 

20 

50 

r  25  mTorr 

0.6 

0.8 

0.86 

0.91 

r  100  mTorr 

0.93 

0.74 

0.81 

Fig.I:  Experimental  set-up  of  magnetron  discharge  with 
optical  arrangement  for  emission  and  resonant 
absorption  spectroscopy:  1.  gas  inlet;  2.  turbomolecular 
pump;  3.  cathode  magnetron;  4.  hollow  cathode  lamp; 
5.  optical  fiber;  6.  HR  1000;  7.  photomultipliers;  8.  PC 
control;  9.  vernier;  lO.cooling  tubing;  11.  female  coaxial 
connector;  12.  male  coaxial  connector  (RF  input-  type  " 
N");  13.  RG-393  coaxial  cable;  14.  copper  conductor; 
15.  matching  network;  16.  13.56  Mhz  RF  generator. 


Table  2  : 

Xe  (^P2)  densities  for  two  gas  pressures  and  the  Al  and 
BN  cathodes 
d=1.5  cm 


Xef'P,)  /D  (mTorr) 

25 

100 

Al  cathode  Ai 

0.54 

0.5 

ndO'W^) 

1. 2-2.6 

1. 3-2.6 

BN  cathode  Ai 

0.506 

0.41 

n(lO'W) 

1.1 -2.2 

1-1.8 
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Fig.2.  Variations  of  Ln  I  versus  Ln  W  of  Xe  I  840.9  nm 
and  Al  I  396.1  nm  lines  at  25  and  lOOmTorr. 
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Introduction  and  experiment 

Mary  silicon-bearing  ions,  their  structure,  thermochemistry, 
and  their  reactions  with  neutral  molecules  have  been  the 
subject  of  a  number  of  theoretical  as  well  as  experimental 
studies  (see,  e.g.,  [1],  [2]  and  references  therein). 
Investigations  of  ion-molecule  reactions  of  different  ions 
with  silane  and  silicon  ions  with  neutrals  are  mostly 
motivated  due  to  their  importance  in  plasmas  for 
technological  applications.  The  reactions  of  hydrocarbon 
ions  with  SiH4  could  be  also  of  interest  to  the  theoretical 
chemist  because  of  fundamental  aspects  of  the  chemical 
bonding  of  caibon  to  silicon.  In  recent  years  our  research  has 
been  directed  towards  understanding  of  ion-molecule 
reactions  of  this  type  (see,  e.g.,  Refs.  [3],  [4]).  The 
measurements  have  been  carried  out  using  the  Innsbruck 
selected  ion  flow  drift  tube  (SIFDT)  apparatus  of 
conventional  design.  Helium  was  used  as  a  buffer  gas.  Ions 
were  generated  in  an  electron  impact  ion  source  fi'om  CH4 
and  mass  selected  prior  to  injection  into  the  drift  tube. 
Mobility  used  for  calculations  of  the  drift  velocity  of  ions 
CHj^  was  taken  fiom  Peska  et  al  [5] .  Mobilities  of  and 

CjH,^  were  measured  in  the  present  experiment.  Operational 
pressure  of  the  buffer  gas  was  0.16-0.26  Torr.  Measwed 
reaction  rate  coefficients  and  product  distributions  were 
independent  on  pressure. 

Results 

The  reaction  of  CHj'^  with  SiH4 

In  the  covered  energy  range  the  reaction  of  CH3*  with  SiH4 
is  proceeding  with  rate  coefficient  close  to  collisional  rate 
co^icient  (approximated  by  Langevin  rate  coefficient,  kj. 
In  Fig.  1  the  measured  reaction  rate  coefficient  is  plotted 
versus  average  kinetic  energy  in  center-of-mass  fi'ame, 
KEc^f  SiHj*  is  the  dominant  ionic  product.  Neutral  products 
cannot  be  detected,  nevertheless  only  energetically  possible 
product  is  CH4  (AH=-52.8kcal/mol,  energetics  of  the 
reactions  is  calculated  on  the  base  of  the  i  Refs.  [6]  and  [7]). 
Reaction  schema  is: 

CH3"  +  SiH^ - ^  SiHj"  +  CH4  (1) 

Formation  of  SiH,*  by  proton  transfer  and  consequent 
dissociation  to  SiHj^  and  Hj  is  endoergic  and  can  be 
excluded..  Traces  of  SiCHj*  and  SiCHj*  product  ions,  (^1%) 
were  also  observed  in  agreement  with  previous  tandem  mass 
spectrometer  study  (see  compilation  by  Anicich  et  al  [8]). 


Figure  1.  The  reaction  rate  coefficients  of  the  reactions  of 
CHj*  and  CjH,*  ions  with  SiH4. 

The  reaction  of  CjHj*  with  SilL 

The  reaction  has  three  product  ions  as  indicated  in  the 
reaction  scheme  (2).  Indicated  are  energetically  possible 
neutral  products,  there  is  not  enough  energy  in  the  reaction 
for  further  dissociation  of  neutral  molecules. 

Reaction  channel  (2b)  is  thermoneutral  and  is  the  only  one 


C2H3"  +  SiH^  — 

SiH3"  +  C2H4 

(2a) 

— 

-  siH;  +  C2H2 

(2b) 

— 

— ^  SiC2H5"  +  H2 

(2c) 

in  the  present  study,  where  production  of  SiH,*  was 
observed  (^  10%  at  low  The  partial  reaction  rate 

coefficients  are  plotted  in  Fig.  2.  Note  that  with  increasing 
AS’cwProduction  of  SiHj^  is  increasing  on  expense  of  other 
two  channels.  The  overall  reaction  rate  coefficient  (k)  is 
nearly  constant  (note  that  Production  of  SiHj^ 

cannot  be  explained  by  formation  of  SiH,^  or  SiCjH,^  and 
their  consequent  dissociation,  because  in  such  case 
and  are  formed  and  reaction  is  endoergic 
(AH=17.5kcalAnol).  In  study  of  Mayer  and  Lampe  [9]  only 
production  of  SiHj^  and  SiHj^  was  reported  with  reaction 
rate  coefficient  2.8-10  ‘®cm’s'‘,  this  is  corresponding  to  the 
sum  of  the  partial  reaction  rate  coefficients  of  channels  (2a) 
and  (2b)  at  near  thermal  energies. 
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Figure  2.  The  partial  reaction  rate  coejfficient  of  the  reaction 
of  ion  wth  SiH4. 

The  reaction  of  CjHj*  with  SiH^ 

The  reaction  coefficient  of  the  reaction  of  ion  with 
SiH4  versus  KE^u  is  plotted  in  Fig.  1 .  Only  SiHj^  was 
observed  as  a  product  ion.  The  reaction  is  exoergic  (AH= 
-lOkcal/mol)  if  the  neutral  product  is  CjH^.  If  two  neutral 
molecules  (Hj  and  C2H4)  are  produced  the  reaction  is 
endoergic  (AH=22kcalAnol).  This  endothermicity  rules  out 
the  formation  of  SiHj*  and  its  consequent  dissociation.  The 
reaction  scheme  is: 


CjH/  +  SiH^ - ^  SM;  +  CjHg  (3) 


Concluding  Remarks 

The  siliconium  ion  SiHj^,  an  analog  of  the  carbonium  ion 
CH5*,  is  of  considerable  interest  in  understanding  the  nature 
of  nonclasical  bonding  [10].  The  dissociation  energy  of 
SiHj*  is  approximately  14  kcal/mol  (see  calculation  in  ref 

[11] ).  The  aim  of  the  presented  study  was  the  study  of  the 
production  of  SiHj*  ions  by  the  proton  transfer  from 
hydrocarbon  molecular  ions  in  the  drift  tube.  In  order  to 
avoid  dissociation  of  eventually  formed  SiH/,  only  the 
reaction  of  ions  parent  molecules  of  which  have  the  proton 
affinity  close  to  the  proton  afiinity  of  SiH4  (155  kcal/mol 

[12] )  were  studied.  SiH,*  ions  were  product  only  in  the 
reactions  of  ions  CjHj*  at  low  KEcu,  channel  (2b). 
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1.  Introduction 

Discharges  in  gas  mixtures  containing  Cb,  BCI3,  Ar, 
and  N2,  are  used  by  the  integrated  circuit  industiy  for 
metal  etching  and  definition.  The  large  number  of 
potential  gas  and  surface  phase  reactions  in  these  gas 
mixtures  greatly  reduces  our  capability  to  understand 
and  model  these  plasmas  from  first  principles.  For 
example,  a  large  number  of  the  potential  processes 
have  unknown,  or  at  best,  incomplete  sets  of 
fimdamental  information  such  as  cross  sections,  and 
gas  and  surface  chemical  reaction  mechanisms.  In 
such  complicated  chemical  systems,  measurements 
of  plasma  species  can  be  critical  to  identifying  the 
important  chemical  mechanisms,  understanding  the 
influence  of  additives  to  the  gas  mixture,  and 
benchmarking  model  predictions.  Many  modem 
microelectronics  plasma  processing  tools  utilize  high 
electron  density  sources  such  as  inductively  coupled 
discharges,  electron  cyclotron  resonance  (ECR)  or 
helicon  sources.  This  work  will  focus  on  a  subset  of 
the  high  density  sources,  the  inductively  coupled 
plasma  (ICP).  An  essential  parameter  that  must  be 
measured  in  these  plasmas  is  the  density  and  spatial 
distribution  of  ions,  both  positive  and  negative, 
formed  in  the  plasma. 

In  the  work  presented  here,  relative  metastable 
chlorine  ion  (CL*)  and  absolute  Cl'  densities  as  a 
flmction  of  discharge  parameters  such  as  gas 
mixture,  input  power,  and  total  gas  pressure  are 
presented.  Laser  induced  fluorescence  (LIF)  was 
used  to  measure  the  spatially  resolved  CL* 
temperature,  radial  drift  velocity  and  relative  density. 
The  output  from  a  cw  ring  dye  laser  was  scanned 
across  the  3p^(‘'S°)4p^P3  -  3p^3d^D°4  transition  at 
542.32  nm  and  the  fluorescence  was  monitored  on 
the  3pYS°)4p^3  -  3p^4s^S°2  transition  at  479.45 
nm.  The  resulting  lineshape  was  then  fit  to  a  sum  of 
two  Gaussian  lineshapes  to  account  for  the  relative 
abundance  of  the  two  Cl  isotopes.  Laser 
photodetachment  spectroscopy  was  used  to  measure 
the  Cr  densities  in  the  center  of  the  plasma.  A 
pulsed  NdrYAG  laser  operating  at  266  and  355  nm 
was  combined  with  a  novel  microwave 
interferometer  to  measure  the  excess  electrons 


produced  by  photodetaching  Cl'.  By  varying  the 
photodetaching  laser  wavelength,  the  identity  of  the 
negative  ion  could  be  inferred. 

2.  cr*  kinetics 

The  cr*  measurements  indicate  that  the  ion 
temperature  in  the  center  of  the  plasma  varied  from 
2000  to  3000  K  depending  on  discharge  conditions. 
For  example.  Fig.  1  shows  the  temperature  variation 
for  BCI3/CI2  and  BCVC^/Ar  mixtures  as  a  function 
of  input  power.  This  temperature  is  significantly 
hotter  than  temperatures  of  argon  neutrals  and  argon 
ions  measured  in  the  same  reactor[l].  In  previous 
work,  we  suggested  that  the  hot  CL*  could  be  due  to 
hot  neutral  chlorine  atoms;  Cl  produced  by 
dissociation  of  CI2  or  BCI3  could  cany  a  small 
amount  of  energy  into  subsequent  ionization  and 
excitation  [2].  The  addition  of  BCI3  to  a  CI2  plasma 
significantly  decreased  the  chlorine  ion  density  (Fig. 
2)  without  causing  a  significant  change  in  their 
temperature.  A  likely  explanation  for  the  decrease  in 
cr*  density  with  increased  BCI3  fraction  is  the 
higher  dissociation  energy  for  BCI3  compared  with 
CI2.  Addition  of  N2  to  a  BCI3  plasma  caused  a  factor 
of  three  increase  in  the  CL*  density  (Fig.  3) 
suggesting  that  transfer  of  energy  from  long-lived 
nitrogen  excited  states  can  enhance  the 
decomposition  of  BCI3  [3].  Additional  radial 
profiles  of  the  CL*  temperature,  relative  density  and 
radial  drift  velocity  will  be  shown. 

3.  cr  kinetics 

In  discharges  containing  CI2  and  BCI3,  CF  was  the 
only  negative  ion  detected.  If  present  in  the 
discharge,  other  negative  ions  have  an  estimated 
density  below  a  few  10®  cm’®.  Dissociative 
attachment  to  CL  was  the  predominant  Cl’  formation 
mechanism  in  CI2  discharges,  and  direct  dissociative 
attachment  to  BCI3  was  found  to  be  a  potential 
source  of  Cl’  in  BCI3  plasmas.  Interactions  between 
CI2  and  Ar  (Fig.  4),  and  CI2  and  BCI3  altered  the  Cl’ 
formation  kinetics,  possibly  due  to  enhanced 
dissociation  of  the  parent  molecules  by  argon 
metastables.  Addition  of  N2  to  CI2  plasmas  had  very 
little  effect  on  Cl’  density,  but  addition  of  N2  to  BCI3 
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discharges  caused  an  increase  in  Cl  production  (Fig. 
5).  This  increase  is  similar  to  the  increase  in  C^* 
density  with  increased  N2  flow  described  above.  It  is 
concluded,  that  transfer  of  energy  from  N2 
metastables  is  responsible  for  the  changes  in  the 
negative  ion  densities  observed  as  well. 
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Fig.  1  cr*  temperature  as  a  function  of  total  input 
power  for  BCI3/CI2  (•)  and  BCVCL/Ar  (■) 
mixtures  at  10  mTorr. 
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Fig.  2  cr*  density  as  a  function  of  CI2/BCI3  ratio  at 
10  mTorr  and  400  W. 


Fig.  3  cr*  density  in  a  BCI3  discharge  as  a  function 
of  added  nitrogen  flow  rate  at  300  W  and  20  mTorr. 


0  fi  1  1  1  1  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i4 
0.0  0.2  0.4  0.6  0.8  1.0 

Ar  [Cljl/flCy  +  [ArJ)  Clj 


Fig.  4  cr  density  as  a  function  of  C^/Ar  ratio  at  300 
W  and  20  mTorr. 


N2  flow  rate  (seem) 


Fig.  5  cr  density  in  a  BCI3  discharge  as  a  function 
of  added  nitrogen  flow  rate  at  400  W  and  10  mTorr. 
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1.  Introduction 

Radio  frequency  (RF)  discharges  are  extensively  stu¬ 
died  as  they  play  an  important  role  in  plasma  pro¬ 
cessing,  such  as  surface  treatment  and  thin  film 
deposition.  Amorphous  hydrogenated  silicon  (a-Si:H) 
films  are  of  special  interest  for  the  production  of  pho¬ 
toelectric  cells  and  many  efforts  have  been  carried  out 
to  understand  their  deposition  mechanism. 

Recently  we  report^  on  numerical  modelling  of 
PECVD  reactor  plasmas  and  its  experimental  confir¬ 
mation.  A  ID  thermal  model  has  b^n  developed  and 
the  calculated  gas  temperatures  have  been  verified  by 
CARS  measurements  [1].  The  creation  of  radicals  in 
the  plasma  has  been  treated  by  a  ID  fluid  model.  We 
confirmed  this  model  by  spatio-temporal  emission  spec¬ 
troscopy  applied  to  the  Ho  transition  [2].  In  the  present 
work  we  couple  improved  versions  of  these  two  models 
with  a  2D  model  of  plasma  chemistry  to  predict  abso¬ 
lute  radical  density  profiles  and  deposition  rates  of  a- 
Si:H  films  in  different  H2/SiH4  plasmas.  The  calculated 
SiH  density  profiles  are  compared  with  those  measured 
by  LIF,  and  the  calculated  film  growth  rate  is  checked 
by  profilometry  measurements. 

2.  Plasma  chemistry  model 

The  model  {3]  treats  the  chemistry  and  physics  of  the 
neutral  radicals  in  the  plasma.  It  is  coupl^  with  two 
other  models  developed  previously:  First,  a  ID  thermal 
model  [1]  calculates  the  axial  temperature  profile.  The 
temperature  is  supposed  to  be  uniform  in  radial  direc¬ 
tion.  Then  a  2D  extension  of  the  electrical  fluid  model 
is  used  to  determine  the  source  terms  of  radicals  origi¬ 
nating  from  electron  impact  on  neutral  molecules  (we 
consider  H2,  SiH),  S^He  and  SisHg).  The  molec^e 
densities  have  been  measured  by  mass  spectrometry  and 
are  used  as  input  parameters.  The  rascals  treated  by 
the  model  are  IL  SiH„  (n=0..3)  and  Si2Hn,  (m=2..5).The 
equation  of  transport  for  each  radical  species  is 

V.f  =i-^(rL)  +  |-r,=5(z,r)  , 

r  cr  a 

where  Y  is  the  particle  flux  and  S  the  source  term.  We 
suppose  that  transport  is  governed  only  by  diffusion, 
the  diffusion  coefficients  D  being  calculated  according 
to  the  theory  of  Chapman-Enskog  [4].  S  contains  the 
source  function  for  the  creation  of  radicals  due  to  disso¬ 
ciation  of  molecules  by  electron  impact  as  well  as  crea¬ 
tion  and  loss  terms  due  to  chemical  reactions  in  the 
plasma  volume.  For  each  radical  species  the  electrodes 
impose  the  boundary  condition 


*  4  \-pll 

which  involves  the  radical  loss  probability  P,  the  radi¬ 
cal  density  n  near  the  electrodes  and  the  thermal  velo¬ 
city  of  the  radicals  vu,.  A  very  similar  condition  holds 
for  the  particle  losses  at  the  plasma  confining  grid  (see 
experimental  setup).  Due  to  Ae  cylindrical  symmetry  of 
the  plasma  the  2D  model  calculates  the  radical  densi¬ 
ties  at  each  point  in  the  plasma  volume.  Furthermore, 
we  can  easily  deduce  thin  film  growth  rates  on  the 
whole  surface  of  the  Si  wafer.  The  contribution  of  each 
species  to  the  film  growth  is  proportional  to  its  flux  on 
the  surface 


<5>  =  n 


2:* 

4 


-^1 


where  ^  is  the  sticking  coefficient. 


s 

1' 


3.  Experimental  setup 

The  experiment  is  performed  in  a  PECVD  reactor 
equipp^  with  quartz  optical  ports  for  spectroscopic 
observations.  The  plasma  is  produced  by  a  parallel 
plate  RF  discharge  and  confined  to  the  interelectrode 
volume  (diameter  12  cm,  distance  3.2  cm)  by  a  groun¬ 
ded  grid.  RF  power  is  applied  to  the  upper  electrode, 
which  is  shower-like  to  allow  gas  injection.  The  groun¬ 
ded  electrode  is  heated  up  to  523  K  and  is  covered  with 
a  silicon  substrate.  The  effective-  power  Peff  coupled  to 
the  plasma,  which  is  used  as  input  parameter  in  the 
model,  is  obtained  by  the  subtracting  technique  propo¬ 
sed  by  Godyak  and  Piejak  [5]. 

The  A^A  -  X^n  transition  of  the  SiH  radical  is  used  for 
the  LIF  measurements.  A  frequency-doubled  single 
mode  Nd:YAG  laser  (Quantel  YG  780)  delivers  a 
10  ns,  180  ml  beam  at  532  nm  which  is  used  to  pump  a 
timable  dye  laser  (Quantel  TDL  IV).  Radiation  at 
411  nm  with  pulse  energies  up  to  2.5  mJ  is  obtained  by 
mixing  the  dye  laser  radiation  at  670  nm  with  the  resi¬ 
dual  1.06  pm  radiation  of  the  NdrYAG  laser.  The 
411  nm  radiation  has  a  linewidth  of  0.08  cm'' 
(FWHM).  It  enters  the  interelectrode  region  by  a  slit  in 
the  grid.  The  fluorescence  radiation  is  collected  at  right 
angle  to  the  laser  beam  through  the  grid  (transmission 
about  50%)  and  is  imaged  on  the  entrance  slit  of  a 
monochromator  (Jobin  Yvon  H.20).  Light  detection  is 
achieved  by  a  photomultiplier  (HAMAMATSU  R212 
UH)  and  a  BOXCAR  averager  (Stanford  SR250). 
Absolute  density  of  the  X^n  state  of  SiH  is  deduced 
fi-om  the  amplitude  of  a  unique  rotational  line  recorded 
in  saturation  regime.  An  estimate  of  the  temperature,  a 
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correction  taking  into  account  the  eflFect  of  partial  satu¬ 
ration  in  the  wing  of  the  laser  beam  and  a  calibration  of 
the  collection  optics  are  successively  applied.  The  tran¬ 
sition  Rie(N=7)  in  the  A^A-X^fl  band  was  selected 
because  the  population  of  the  X^n(N=7)  state  depends 
only  weakly  on  the  temperature  (An/n  <  5%)  between 
400  -  600  K,  typical  temperature  measured  between  the 
electrodes  for  various  plasma  conditions  [1],  We 
suppose  Trot  =  Tga,  =  500  K  in  all  our  calculations.  A 
typical  vibrational  temperature  of  Ty*  =  2000  K  is  also 
assumed  to  estimate  the  population  on  the  vibrational 
states,  but  is  actually  without  appreciable  influence  on 
the  calculated  absolute  density. 

The  calibration  of  the  optical  transmission  of  the  detec¬ 
tion  system  and  the  multiplier  response  is  obtained  by  a 
Rayleigh  measurement  using  the  same  optical  configu¬ 
ration  as  in  the  LIF  measurements.  By  modelling  the 
LIF  saturation  behaviour  it  is  then  possible  to  correctly 
normalize  the  LIF  measurements  over  the  whole  laser 
energy  range  [6],  Strongly  saturated  LIF  measurements 
have  been  carried  out  in  order  to  maximize  the  fluores¬ 
cence  signal  and  to  minimize  incertainties  due  to  laser 
energy  fluctuations. 

The  rmcertainty  of  the  absolute  SiH  density  is  estimated 
to  be  about  70%  (Icr).  This  large  uncertainty  is  pre¬ 
sently  mainly  due  to  the  imprecise  measurement  of  the 
laser  energy  by  a  calorimeter. 

4.  Results  and  discussion 

In  fig.  1  and  2  we  show  respectively  the  calculated  and 
measured  SiH  density  profiles  and  the  growth  rate  of 
amorphous  hydrogenated  silicon  on  the  silicon  wafer 
for  two  different  plasma  conditions  (see  figure  cap¬ 
tions). 


Distance  from  grounded  electrode  /  mm 

Fig.  1:  Calculated  (line)  and  measured  (dots)  axial  SiH 
density  profiles; 

a)  5  seem  SilL,  ptot  =  68  mtorr,  Peff  =  6  W. 

b)  5  seem  SilL  +  45  seem  H2,  ptot  =  300  mtorr,  Peff  =  15  W 


In  both  plasma  conditions  the  shapes  of  the  SiH  density 
as  well  as  of  the  film  growth  rate  are  well  reproduced 
by  the  model. 

TTie  absolute  values  predicted  by  the  model  are  in  good 
agreement  with  the  measured  ones  in  the  case  of  the 
pure  silane  plasma;  they  differ  by  less  than  a  factor  2 
(fig.  la  and  2a).  If  we  consider  the  ab  initio  character  of 
the  model,  this  agreement  of  calculation  and  measure¬ 
ment  is  quite  satisfactory. 


Radial  position  /  cm 

Fig.  2:  Calculated  (line)  and  measured  (dots)  radial  a-Si;H 
growth  rates  on  a  silicon  wafer.  Plasma  conditions  a)  and  b) 
are  the  same  as  in  fig.  2. 


In  the  case  of  the  hydrogen  diluted  plasma  (fig.  lb  and 
2b),  the  model  overestimates  both  the  SiH  density  and 
the  film  growth  rate  by  a  factor  of  about  six  relative  to 
the  measurements.  In  order  to  investigate  the  origin  of 
these  discrepancies  and  to  fiuther  increase  the 
reliability  of  the  model,  density  measurements  of  other 
radicals  in  H2/SiH4  plasmas  are  in  progress. 
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1.  Introduction 

The  conversion  of  methane  to  more  useful  chemicals  or 
fuels  has  generated  widespread  interest  because  of 
important  industrial  applications.  Many  studies  are  still 
in  progress.  We  have  investigated  the  activation  of 
methane  in  tlic  flowing  afterglow  of  a  dinitrogen 
plasma  by  a  spectroscopic  method. 

2.  Experimental 

The  experimental  setup  was  shown  in  [1].  A  microwave 
generator  (2.45  GHz)  is  connected  to  a  rectangular 
waveguide  cavity.  Stationary  waves  produce  a  plasma 
in  a  cylindrical  fused  silica  reactor  (i.d.  =2.8  cm  ;  o.d.  = 
3  cm)  crossing  the  cavity. 

Methane  is  introduced  into  the  afterglow  at  distances  d 
from  the  end  of  the  cavity  by  means  of  four  ports 
distributed  all  around  the  reactor. 

All  experimental  results  reported  here  arc  for  the 
following  exjxtrimental  conditions  :  pressure  =  13.2 
mbar,  Nj  flowrate  =  200  mL(STP)/min,  CH4  flowrate  = 
150  mL  (STP)/min,  incident  power  =  370  Watt.  The 
pressure  is  measured  by  means  of  a  baratron  and  the 
gas  flow  rates  F  (in  STP  conditions,  i.e.  298  K  and  1 
bar)  by  means  of  mass  flowmeters. 

Optical  emission  is  analysed  by  a  monochromator 
(Jobin-Yvon,  HRSl.  1220  lines/mm,  focal  length  588 
mm)  and  a  photomultiplier  (Hamamatsu.  R928)  by 
means  of  an  optical  fibre  moving  along  the  afterglow. 
The  emission  intensity  of  the  following  bands  is 
studied: 

-  N;  First  Positi\  c  System  at  580.4  nm  (B,v=l  l-).A,v=7), 

-  N2  Second  Positive  Sysl.  at  380.5  nm  (C,v=0^B,v=2). 

-  N2'^  Firt  Negative  Syst.  at  391 .4  nm  (B,v=0->X.v=0), 

-  Violet  System  of  CN  at  388.3  nm  (B,v=0^X.v=0). 

3.  Results  and  Discussion 

Methane  conversion  is  pointed  out  by  emission  of  violet 
system  of  CN  at  the  point  of  introduction  of  methane 
(Fig.  1).  This  emission  shows  that  methane  is  converted 
as  far  as  150  mm  in  the  afterglow. 

Computations  carried  out  by  varying  electron  density 
as  well  as  electron  temperature  [2]  showed  that 
electrons  have  a  little  influence  in  the  mechanism  of 
methane  conversion  in  these  cxperimeniaf  conditions. 
Fast  decay  of  charged  species  occurs  in  the  afterglow; 


electron  density  and  energy  are  not  high  enougli  to 
dissociate  methane. 


d  (mm) 

Figure  1  :  Emission  intensity  1(388. 3nm)  versus 
methane  injection  point  d  in  the  afterglow. 

The  N2''(B,\'=0->X,v=0)  emission  inlcnsiri'  (Fig.2) 
decreases  with  methane  addition  indicating  the  decay  of 
e.xcitcd  ions;  tliis  is  in  good  agreement  with  results  of  a 
previous  paper  where  for  injection  of  methane  aid  =21 
mm,  charged  species  were  no  more  measured  with 
Langmuir  probes  [  1  ]. 

If  electrons  do  not  play  an  important  role  in  the 
methane  decomposition,  the  initiation  of  the  reaction 
could  be  due  to  active  species  of  dinitrogen  present  in 
the  afterglow 

Figure  2  shows  emission  intensity  I  along  the  afterglow 
(Ln(I)  versus  distance  x)  for  several  bands  of  N: 
spectrum  for  pure  N2  and  for  a  mixture  N2/CH.,  with 
introduction  of  methane  ald  =  9mm  (i.e.  x  =  0). 
Methane  addition  leads  to  an  important  decrease  of  the 
emission  intensities  of  the  First  Positive  System  of  N; 
and  of  the  First  Negative  System  of  N2’'  whereas  the 
Second  Positive  System  of  N2  is  not  changed. 

Some  information  about  nitrogen  active  species  leading 
to  methane  activation  can  be  deduced. 
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In  the  afterglow,  N  atoms  mainly  recombine  on  the 
N2(B,v)  excited  state  according  to  the  following 
reaction  (a)  [3]: 

N  +  N  +  N2  NoIB.v)  +  N;  (a) 
This  reaction  leads  to  an  enhancement  of  the 
N2(B,11->A,7)  band  compared  to  the  others  bands  of 


Figure  2  :  Emission  intensity  of  N2(B,ll^A,7):  580.4 
nm  (  □,  ■);  N2(C,0-^B,2):  380.5  nm  (A,  A),  and 
N2‘'’(B,0-^X,0):  391.4  nm  (O,  •),  along  the  afterglow 
for  pure  nitrogen  (open  symbols)  and  for  a  mixture  of 
dinitrogen  with  42.8  %  of  methane  (black  symbols) 
when  methane  is  added  at  d  =  9  mm  (i.e.  x  =  0). 

Another  reaction  can  lead  to  N2(B,v)  levels,  especially 
in  the  near  afterglow  [4]: 

N2(A,v)  +  N2(X,v>6)  ->  N2^,v)  +  N2  (b) 

When  this  last  reaction  prevails  against  reaction  (a), 
the  N2(B,v=11->A,v=7)  emission  is  not  enhanced  with 
regard  to  the  others.  For  B,v=l  1,  we  need; 

N2(A,v)  +  N2(X,v>12)  ^  N2(B.v=11)  +  N2  (b’) 
In  our  experimental  conditions,  the  Av  =  4  band 
emission  is  significantly  lowered  in  the  mixture  and  the 
N2(B,11— >A,7)  band  is  no  more  enhanced  indicating  a 
decrease  of  the  rates  of  reactions  (a)  and  ^). 
Quenching  rate  constant  of  N2(B,v)  b>-  CH,  is  only 
about  10  times  higher  than  that  by  N2  [5],  so  quenching 
cannot  explain  alone  the  large  difference  observed  in 
Figure  2.  When  CH4  is  added.  CHx  radicals  are 
produced;  these  react  with  N  atoms  with  a  rate  constant 
about  10^'*- 10"^^  times  higher  than  that  of  reaction  (a). 
Therefore  there  is  a  depletion  of  N  atoms  that  can 
explain  that  N2(B,1 1— >A,7)  band  is  no  more  enhanced. 

The  N2(C,v=0->B,v=2)  does  not  vary  with  methane 
addition.  As  studied  in  another  paper  [6],  N2(C)  state  is 
formed  from  N2(A,v)  metastable  state: 

N2(A,v)  +  N2(A,v)  NoIC.v)  +  N2 
Therefore,  the  observation  of  the  N2(C.v)  bands  shows 
the  presence  of  excited  molecules  N2(A,v)  and  allows 


one  to  follow  their  behaviour  along  the  afterglow.  It  is 
well  known  that  N2(A,v)  is  easily  quenched  by  N  atom; 
so  one  could  expect  an  increase  of  N2(A,v)  when  atomic 
nitrogen  concentration  decreases.  As  this  is  not 
observed,  we  can  deduce  that  CH4.  and  radicals  CH^ 
produced  from  CH4  react  with  N2(A,v).  Moreover 
Golde  et  al.  [7]  have  detected  H  atoms  dtuing  the 
quenching  of  N2(A,v)  by  CH4.  They  reported  that, 
although  vibrational  relaxation  is  the  principal 
deactivation  process  for  CH4,  deactivation  by  electronic 
quenching  could  reach  about  10  %  of  the  total 
quenching.  As  N2(A,v)  density  seems  not  affected  by 
methane  addition,  decrease  of  reaction  (b)  could  result 
of  a  decrease  of  N2(X,v>6)  density;  so  this  species  can 
also  react  with  methane. 

The  creation  of  excited  dinitrogen  N2*  in  the  afterglow 
is  due  to  vibrationaWibrational  transfer  between 
molecules  N2(X,  v)  when  translational  temperature  of 
gas  is  going  down  [8].  Therefore,  ground  state 
dinitrogen  molecules  with  high  vibrational  levels  and 
excited  molecules  in  electronic  states  (mainly  A  state) 
are  present  in  the  afterglow  and  can  participate  to 
methane  activation. 

The  excited  atomic  nitrogen  has  some  influence  on 
decomposition  of  methane  molecules  too,  but  the 
concentration  of  excited  nitrogen  atom  is  much  lower 
that  the  concentration  of  excited  nitrogen  molecule, 
therefore  this  charmel  of  excitation  is  negligible. 

Our  results  show  the  great  influence  of  excited 
metastable  dinitrogen  molecules  (N2(A,v)  and  N2(X,v) ) 
in  the  methane  conversion.  An  absolute  concentration 
of  N2(A,v)  of  about  lO"^'^  can  be  estimated  from 
N2(C,v=0)  emission  as  reported  before  in  a  previous 
paper  [6]. 
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Carburation  of  steel  performed  in  an  Ar-CH4  microwave  expanded  plasma. 
Correlations  with  plasma  characteristics. 
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Plasma  steel  carburizing  is  used  from  many  years 
because  of  the  reduced  process  time  and  pressure  in  the 
furnace  relatively  to  conventional  process  [1],  Moreover 
it  produces  no  toxic  or  dangerous  gases.  The 
hydrocarbon  molecules  as  CH4  are  dissociated  in  the 
plasma  and  the  active  species  are  probably  adsorbed  on 
the  surface  of  the  workpiece  where  they  dissociate  into 
carbon  and  hydrogen. 

Our  purpose  is  to  study  the  plasma  steel  carburizing  in 
an  Ar-CH4  mixture  containing  very  low  CH4  content, 
where  simple  radicals  as  CH^o  are  preserved.  These 
radicals  are  very  reactive  and  could  play  a  role  in  the 
transfer  of  carbon  from  the  gas  to  the  surface. 

I.  Experimental  set-up 

The  experiments  where  performed  in  a  reactor  which 
consists  of  a  fused  silica  tube  where  a  microwave 
discharge  is  produced  by  means  of  a  power  supply 
SAIREM  GMP  12  kE  operating  between  0  and  1200 
W.  The  base  pressure  is  maintained  at  lO”^  Pa.  The 
plasma  is  expanded  out  of  the  discharge  center  into  the 
stainless  steel  vessel  until  the  substrate  surface  (  Figure 

During  carburizing  process,  the  total  pressure  of  1.3 
kPa  in  the  vessel  is  kept  constant  using  an  Alcatel 
Roots  blower  pump  (70-700  m^h'l)  which  maintains  a 
gas  drift  velocity  of  about  5-100  ms’^ . 

The  activated  carbon  species  produced  in  the  plasma 
are  selected  by  moving  the  substrate  along  the  axis  of 
the  reactor. 

The  steel  is  exposed  to  a  mixture  of  Ar-1%,  3  %,  5% 
CH4.  The  substrate  temperature,  the  microwave  power 
and  the  pressure  are  respectively  held  at  900  C,  300  W 
and  1.33  kPa. 

Metallography,  hardness,  and  SIMS  (Secondary  Ions 
Mass  Spectrometry)  measiurements  are  carried  out  to 
investigate  the  carburized  steel. 

II.  Results  and  discussion 

The  plasma  carburizing  of  a  16MC5  steel  is  carried  out 
in  an  (Ar-5%CH4)  mixture  under  the  conditions 
previously  described. 


A  surface  layer  of  about  150  pm  depth  and  containing 
0.6  %  to  0.8  %  of  carbon  is  builded  after  1  h. 

An  (Ar-3%CH4)  exposure  leads  to  analogous  structure 
which  remains  deeper  than  in  the  former  case. 

These  tendencies  are  also  evidenced  by  hardness 
measurements  investigated  on  a  16NC6  steel  exposed 
to  increasing  doses  from  1%  to  5  %  of  CH4  in  Ar.  The 
hardness  decrease  with  increasing  amount  of  CH4  in 
Ar. 

These  results  confirm  the  conclusions  of  previous 
investigations  on  carbon  films  that  CHx<3  species 
which  play  a  role  in  the  formation  of  high  densities 
carbon  phases,  are  mainly  identified  for  low  CH4 
concentrations  (Figure  2)  [2,  3]. 

The  influence  of  the  substrate  position  with  respect  to 
the  center  of  the  discharge  on  the  carburization  of  the 
16MC5  steel  is  reported  in  figure  3  and  4.  In  that  case 
plasma  carburizing  is  carried  out  in  an  (Ar-5%CH4) 
mixture  for  an  exposure  time  of  15  minutes  duration. 
The  steel  hardness  strongly  decreases  fixrm  positions 
close  to  the  discharge  center  to  positions  far  in  the  post 
discharge  (Figure  3). 

SIMS  results  show  a  strong  surface  carbon  enrichment 
as  the  steel  is  carburised  near  the  plasma  discharge 
compared  to  the  steel  simply  heated  in  vacuum  or 
thermochemically  carburised  without  plasma  where  a 
strong  surface  decarburization  is  observed.  The  surface 
carbon  signal  strongly  decreases  from  positions  close  to 
the  discharge  center  to  positions  far  in  the 
postdischarge  (Figure  4).  This  means  that  the  most 
important  source  of  carbon  for  carburization  is  mainly 
localised  near  the  plasma  discharge  where  simple 
species  as  and  C  ions  are  preserved. 


[1]  W.L.  orube  and  J.G.  Gay  Metallurgical 
Transactions  A,  9 A,  1421  (1978). 

[2]  M.J.  Cinelli,  L.  Thomas,  I.  Jauberteau,  J.L. 
Jauberteau,  J.  Aubreton,  A.  Catherinot :  Proceedings  of 
the  International  Symposium  on  Heat  Transfer!  under 
Plasma  Conditions,  Ed  P.  Fauchais,  Turquie  (1994). 

[3]  L.  Thomas,  1.  Jauberteau,  J.L.  Jauberteau,  M.J. 
Cinelli,  J.  Aubreton,  A.  Catherinot  ;  Appl.  Phys  Lett 
68,  12(1996). 
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^  Gas  inlet 


to  roots  blower 


Figure  1  :  Experimental  set-up. 


Figure  2  :  mass  spectrometer  measmements  of  CjjHy 
species  versus  the  %  CH4. 

Measurements  are  performed  at  20  cm  from  the 
discharge  center.  The  total  pressure  is  0.2  Torr  and  the 
power  is  200  Watt. 


Figure  3  :  Hardness  measmements  versus  the  length 
between  the  substrat  and  the  discharge  center  (dscs). 


Figure  4  :  Siuface  carbone  concentration  (SIMS 
measurement),  versus  the  length  between  the  substrat 
and  the  discharge  center  (dscs). 
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The  investigation  of  energy 
characteristics  for  plasma 
chemical  process  of  the 
treatment  of  hydrogen  sulfide 
containing  gases  (H^S+CO^l  with 

obtaining  the  synthesis  gas 
(H^+CO)  and  the  sulfur  as  the 

products  have  been  carried  out 
at  small  industry  plant  .Two 
plasmatrons  -  microwave  one  (900 
MGz ,  W=  300kW)  and  radio 
frequency  one  (  440  kGz  .  W=  600 
kW)  -  have  used.  The  comparison 
of  the  process  efficiency  for 
both  types  of  discharges  has 
done. The  influence  of  the 
gasodynamic  parameters  of 
discharges  and  the  general 
macroscopic  parameters  of  one 
( pressure , spec i f i c  energy  input) 
were  investigated.  The  MCW 
discharge  and  HE  discharge 
differ  electrodynamically  very 
much. The  waveguide  type  of  the 
discharge  in  microwave 
plasmotron  and  the  inductive 
type  of  one  in  RE 
p 1 asmo t ran . e 1 e c t r i c  field 
distributions  inside  the 
discharges  are  different 
p  r i n  c i p  a i  1 y . T  h  e  relations  of 
"skin  to  radius"  .  of  "wave 
length  to  radius"  .  of 
"emission  frequency,  to 
collision  freauency”  are  also 


Moscow, Russ  ia 

different. At  the  same  time  the 
gasodynamic  parameters  of 
discharges  (tube  diameters, 
axial  and  linear  gas  velocities, 
gas  flows  Qin  )  and  the 
general  macroscopic  parameters 
of  one  (pressures  P  and  energy 
input  E=W/Qin  )  could  be 
chosen  similar  . 

The  general  results, The 
hydrogen  sulfide  conversion 
degree  (Qout/Qin)  and  the 
process  energy  expense  A=W/0out 
(Qout  is  the  product  flow)  do 
not  depend  on  the  discharge  type 
practically  and  are  defined  by 
the  energy  input  value 
generally.  The  e'nergy  expense 
values  are  minimal  (A  is  about 
1.5  kW.h/  m  of  synthesis 
gas  +  1.4  kg  of  sulfur)  under 
energy^  input  about  0.2-0. 3 
kW.h/rn  for  both  discharge 
types. The  dependencies  of  A(E) 
and  A(P)  are  similar  for  both 
discharge  types  too. The  single 
difference  ,  it  is  the 
constant  low  excess  of  energy 
expense  for  RE  discharge  (not 
more  than  15  %)  connected  with 
the  greater  emission  losses 
because  of  the  greater 
temperatures  in  central  area  of 
RE  discharge  in  comparison  with 
microwave  one. 


XXni  ICPIG  (  Toulouse,  France  )  17-22  July  1997 


IV-223 


So. the  energy  efficiency  of 
the  plasma  chemical  process  of 
hydrogen  sulfide  dissociation  is 
defined  generally  not  by 
electrodynamic  discharge 

properties  but  gasodynamic  and 
energetic  discharge  parameters. 
More  detailed  investigation  have 
shown  that  the  general 

characteristics  of  the 

non-equilibrium  plasma  chemical 
process  mechanism  are  connected 
with  cent  r i f  uga 1 
rotating  gas  and 
recuperat ion  of 
giving  out  when 


effects  in 
with  i nner 
the  energy 
rea 1 i z i ng  the 


sulfur  recombination  (S^->Sg). 
Those  effects  take  place“at  the 


discharge  periphery  and 
pos t -d i scharge  area. 


at 


t  he 


THE  ROLE  OF  DISCHARGE  PERIPHERY 

The  concentrations  of 
hydrogen  and  carbon  monoxide  at 
the  discharge  periphery,  were 
measured  to  make  a  specific 
conclusion  about  the  process 
mechanism  and  to  estimate  the 
process  product  distributions  at 
the  after-discharge  area.  The 
product  component  concentrations 
are  nearly  linear  with  respect 
to  the  length  along  the 
discharge  and  reach  such  the 
values  that  can  net  be 
explained  by  usual  diffusion  and 
necessitate  some  non-equilibrium 
mechanisms  referee!  above.  Two 
region  model  was  suggested  for 
simulating  the  discharge 
The  mode!  assumes  that 
total  gas  t'lux  after  the 
discharge  can  be  subdivided 
into  two  parts  by 
convent  ion . Fi rst  -  cenirAl  "hot" 
flux  and  second  -  "cold" 


periphery  flux. Processing 

experimental  data  has  shown  that 
hydrogen  flux  from  periphery 
region  must  be  about  40  %  of  the 
total  hydrogen  flux  and  CO  flux 
from  periphery  region  is  about 
20  %  of  the  total  CO  flux  . 

Those  experimental 

results  lead  to  conclusion  that 
commensurable  parts  of  products 
emerge  from  "hot  "  central  and 
"cold"  periphery  discharge 
regions . 

THE  ROLE  OF  POST-DISCHARGE  AREA 

Not  only  quenching  of 
the  obtained  products  but 
also  the  additional 

dissociation  of  the  H^S-CO^ 

mixture,  i.e.  the  additional 
synthesis-gas  product  ion , takes 
place  at  the  post  -discharge 
region.  Radial  distributions  of 
gas  temperature  ,  of  all  the 
product  concentrations  and  of 
gas  flow  velocity  were  measured 
by  means  of  movable  probes. This 
measurements  allows  to  determine 
product  compositions  and  energy 
expenses  in  different  sections 
of  post  -  discharge  zone.  It  was 
established  that  the  hydrogen 
concentration  increases  1.4 

times  and  CO  concentration  -  2.5 
times  in  the  distance  between 
the  outlet  of  plasrnatron  and  the 
point  laying  40  cm  longer 

(at  after-discharge  area).  The 
energy  expenditures  decreases 
accord i ng 1 y . One  of  the  possible 
reason  for  this  fact  is  an 
effective  inner  recuperation  of 
energy  arising  in  the  process  of 
sulfur  recombination  ( S,^  ->  S  ). 
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It  is  experimentally 
demonstrated  the  plasma 
catalysis  influence  on  the 
endoergic  process  of  the  methane 
dissociation  with  the  formation 
of  hydrogen  and  carbon: 


CH  =  2H„  +  C 


(1) 


4  2  '"solid 

The  plasma  catalysis  effect  at 
this  condition  consists  in  the 
chemical  process  acceleration, 
due  to  the  specific  influence  of 
the  plasma  active  particles 
(ions,  radicals)  on  the 

previously  heated  gas.  The 
catalytic  acceleration  of  the 
process  is  realized  at  the 
relatively  low  temperatures 
(about  of  500  C),  that  allow  to 
utilize  the  low  potential  heat. 

experimental 
installation  consists  of  two 
blocks.  The  first  is  the  gas 
heater.  Gas  (methane  of 

expenditure  30^-250  ncm^/s  )  at 
atmosphere  pressure  was  heated 
up  to  temperature  400^600  C.  The 
heated  gas  entered  the  inlet  of 
the  plasmatron  { the  second 
block),  in  which  the  gas  was 
exposureed  by  the  pulse— periodic 
microwave  discharge.  The 

discharge  transfered  to  the  gas 
the  additional  energy  input  s 


with  the  ratio  £ 

pi 

thermal  energy  input  £ 


th 


Pl’ 
to  the 

( due  to 


the  heater)  being  less  than  20%. 


The  parameters  registered 
experimentally  were  the  follows: 
the  gas  temperature  T  at  the 
inlet  of  the  discharge  zone;  the 
methane  expenditure  Q;  the 
microwave  power  W,  absorbed  by 
discharge;  the  gas  product 
composition  at  the  outlet  of  the 
plasmatron.  The  series  of  the 
experiments  were  performed  with 
discharge  and  without  one.  The 
gas  composition  of  products  at 
the  outlet  of  the  plasmatron 
were  analyzed  and  the  increase 
of  the  methane  conversion  degree 
a  due  to  the  discharge  influence 
was  determined. 


The  experimental  data  and 
some  calculated  dependencies  are 
presented  in  the  Fig.  1. 


The  methane  conversion  degree  ot 

into  hydrogen  and  carbon 

(reaction  (1))  lays  off  on  the 

y-axis.  The  specific  energy 

input  £  in  the  system  lays  off 

on  the  x-axis.  It  corresponds  to 

the  thermal  energy  input  £  , 

th 

plus  the  energy  input  of  the 
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discharge  (if  it  exists) 


s  =  S  ^  -fr  £ 

th  pi 


where  value  £  =W/Q,  and  the 

pi 

energy  input  ^  is  the  function 
th 

of  the  temperature  T  and  the 


methane  conversion  degree  a  into 
hydrogen  and  carbon; 


+  a*I.£  (T)4a*AH(T  )  (3) 
pr  o 

In  (3)  the  first  term  is  the 


thermocapasity  energy  input,  due 
to  the  heating  of  the  nonreacted 


part  of  methane  from  room 


temperature  to  T.  The  second 
term  in  (3)  is  the  energy  input, 
due  to  the  heating  of  the 


process  products  from  room 


temperature  to  T.  The  third  term 
in  (3)  is  the  enthalpy  of  the 
methane  dissociation  reaction 
into  products  at  the  room 


temperature  for  the  particular 


conversion  degree  a.  The 
thermodynamic  equilibrium 
calculation  in  coordinates  Oi , 
<^th  presented  by  the  curve  1 


in  the  Fig.  1.  The  experimental 
data  under  the  thermal  energy 
input  only  are  presented  by  the 
curve  2  in  the  Fig.  1.  The 
experimental  data  under  heating 
vhe  methane  up  to  the 
temperature  550  C  and  with  the 
microwave  discharge  of  different 
power  W  (energy  input  £  is 
determined  by  ( 2 ) )  are  presented 
by  the  curve  3  in  the  Fig.  1. 
The  comparison  of  the  curves  1, 
2,  3  in  the  Fig.  1  demonstrates 
evidently  the  great  plasma 
catalysis  effect. 


Note,  that  the  curve  4  in 
the  Fig.  1  corresponds  to  the 
traditional  thermocatalyt ic 
endoergic  process,  being 


performed  at  the  constant 

temperature.  The  curve  4  is 

obtained  by  the  transformation 

of  the  relation  (3)  relatively 

the  value  of  the  conversion 

degree  a:  a=F(£  ,  T),  where  the 

th 

conversion  degree  0(  depends  on 

energy  input  ,  and  the 

th 

temperature  T  is  the  parameter. 
This  dependency  for  different 
temperatures  T  is  presented  by 
the  series  of  parameter  curves 
in  the  Fig.  1  (the  temperature 
T=550  C  corresponds  to  the  curve 
4).  It  is  clear  from  the 

analysis  of  data  in  Fig.  1,  that 
the  plasma  catalysis  process 

leads  to  the  gas  temperature 
decrease  due  to  the  intensive 
energy  consumption  as  a  result 
of  the  reaction  (1).  It  is 
principally  important,  that  this 
temperature  decrease  doesn’t 

influence  on  the  plasma 
catalysis  process  efficiency, 
since  the  last  one  is  not 
checked  by  the  gas  temperature, 
but  by  the  electron  temperature 
of  the  plasma.  The  plasma 
catalysis  effect,  being 

accompanied  by  the  gas 

temperature  decrease,  was 

observed  under  different  values 
of  the  previous  heating  of  the 
gas  too  ( the  curves  5  and  6 
corresponds  to  the  temperatures 
of  the  initial  heating  500  and 
600  C  )  . 

The  possible  mechanisms  of 
the  acceleration  of  the  methane 
conversion  process  in  discharge 
were  analyzed.  It  is  shown,  that 
the  rational  explanation  of  the 
observed  effect  is  possible  at 
the  account  of  chain  ion 
mechanism  of  the  methane 
dissociation. 
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Introduction 

In  recent  years  there  has  been  a  considerable  growing 
interest  in  the  surface  and  coating  technologies,  in  the 
treatments  of  various  materials  and  in  the  deposition  of 
thin  films  by  the  plasma-chemical  processes.  Various 
plasma-chemical  systems  (reactors)  have  been 
developed  for  the  deposition  of  thin  films  which  are 
able  to  deposit  thin  films  on  different  materials  and 
components.  (  For  review  see  for  example  [1]  ).  The 
disadvantage  of  most  of  these  reactors  is  that  they  are 
not  suitable  for  deposition  of  the  thin  films  on  the 
internal  walls  of  cavities,  holes  and  on  substrates  with 
complex  shapes.  Furthermore  the  reactors  require  a 
relatively  low  pressure  of  the  working  gas  in  the  order 
of  several  Pa  to  several  tens  of  Pa  and  therefore  for 
some  applications  they  are  not  suitable.  For  this  reason 
it  will  be  convenient  to  develop  a  plasma-reactor  that 
will  be  able  to  work  at  higher  pressures  of  the  working 
gas  closer  or  equal  to  atmospheric  pressure. 

In  the  present  paper  an  attempt  is  made  to  develop  the 
plasma-chemical  reactor  that  will  be  able  to  work  at 
higher  pressures  of  the  working  gas  up  to  atmospheric 
pressure.  This  reactor  is  based  on  the  principle  of  the 
RF  torch  discharge. 

The  RF  corona  and  the  torch  discharge 

Generally  the  RF  corona  discharge  is  generated  due  to 
the  strong  intensity  of  the  RF  electric  field  in  the 
neighbourhood  of  a  sharp  electrode  edge  where  the 
discharge  originates.  This  fact  is  confirmed  by  the 
spectrum  of  the  discharge.  Thus  the  main  ionisation 
processes  of  neutral  particles  in  the  RF  corona 
discharge  are  the  ionisation  collisions  of  the  electrons 
accelerated  in  the  strong  electric  field  region. 

When  the  RF  power  dissipated  in  the  polyatomic 
working  gas  discharge  increases  then  increases  also 
the  vibrational  temperature  of  excited  neutral 
molecules  [2,3].  Due  to  increase  of  the  vibrational 
temperature  increases  also  the  role  of  thermal 
ionisation  of  the  excited  neutral  molecules  (with  higher 
vibrational  temperature).  This  thermal  ionisation 
causes  the  decrease  of  the  electric  field  intensity  in  the 
neighbourhood  of  the  electrode  and  as  consequence 
decreases  also  the  ionisation  caused  .by  accelerated 
electrons.  In  the  case  in  which  the  difference  between 
the  electron  temperature  and  the  vibrational  temperatu¬ 


re  of  the  excited  neutral  molecules  is  small  then  the 
corona  discharge  transits  to  the  torch  discharge.  The 
transition  between  the  corona  and  the  torch  discharge 
does  not  occur  stepwise,  but  gradually  [2,3].  At  small 
RF  power  dissipated  in  discharge  the  discharge 
corresponds  to  the  corona  discharge  while  at  higher 
power  the  torch  discharge  occurs.  The  plasma  of  the 
torch  discharge  in  the  monoatomic  working  gases 
differs  from  that  burning  in  the  polyatomic  gas.  The 
transfer  of  the  electron  energy  to  the  neutral  particles 
in  this  case  has  been  studied  in  [4]. 

When  the  RF  power  which  is  dissipated  in  the  torch 
discharge  increases  above  a  certain  limit  at  which  the 
temperature  of  the  sharp  electrode  edge  is  so  high  that 
the  electrode  material  is  evaporated  the  plasma  of  the 
torch  discharge  is  formed  in  the  mixture  of  working  gas 
and  vapours  of  the  evaporated  electrode  material.  The 
properties  of  such  torch  discharge  do  not  resemble 
those  of  a  glow  discharge  but  they  are  more  like  those 
of  an  arc  discharge.  For  this  reason  it  is  necessary  to 
consider  such  torch  discharge  as  the  arc  torch 
discharge  [3,5]. 

The  plasma-chemical  reactor  with  the  arc  torch 
discharge 

The  scheme  of  the  experimental  set  up  is  shown  in 
Fig  1.  The  powered  electrode  of  the  torch  discharge  is 
made  from  a  thin  pipe.  The  support  for  the  electrode 
has  been  cooled  by  flowing  water.  The  electrode  is 
connected  trough  the  matching  unit  to  the  RF  generator 
the  frequency  of  which  was  13,56  MHz.  The  working 
gas  which  flows  from  the  nozzle  stabilises  the  arc  torch 
discharge  and  well-defined  plasma  channel  is  created 
in  the  reactor  chamber. 

The  pressure  in  the  reactor  chamber  was  maintained  in 
the  range  of  approx.  10^  Pa  up  to  atmospheric  pressure. 
In  such  pressure  range  the  powered  electrode  (thin 
pipe)  carmot  act  as  the  hollow  cathode  [6]  and  only  an 
edge  of  the  electrode  is  involved  in  the  discharge 
processes.  This  phenomenon  is  important  from  the 
point  of  view  of  the  thin  film  deposition  because  only 
sputtered  or  evaporated  material  of  the  electrode  edge  is 
involved  in  the  deposition  processes  of  thin  films. 

The  RF  power  dissipated  in  torch  discharge  has  been 
adjusted  for  atmospheric  pressure  of  the  working  gas 
above  100  W  and  so  at  the  electrode  edge  the  arc 
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torch  discharge  was  created.  At  the  lower  pressure 
approx.  10^  Pa  the  RF  power  which  is  necessary  to 
create  the  torch  discharge  is  in  the  order  of  several  tens 
of  watts. 

Experiment 

Experimentally  the  reactor  with  the  torch  arc  discharge 
has  been  investigated  by  means  of  the  system  in  which 
the  active  electrode  has  been  created  from  the  surgical 
needle.  The  photographic  pictures  have  been  scanned 
and  computer  processed  to  obtain  lines  corresponding 
to  the  equalight  intensities  (isointensities).  An  example 
of  obtained  results  is  seen  in  Fig.  2.  From  the  figure  it  is 
seen  that  in  this  case  the  velocity  of  the  working  gas 
flow  is  subsonic.  The  edge  of  the  electrode  is  hot  and 
due  to  this  phenomenon  the  arc  torch  discharge  is 
created  in  this  case. 

In  order  to  increase  the  velocity  of  the  working  gas  flow 
up  to  supersonic  value  the  reactor  chamber  was 
continuously  pumped  by  a  rotary  pump.  In  this  case  it 
was  seen  that  near  the  electrode  the  velocity  of  the  gas 
flow  is  supersonic  and  two  barrel  shock  patterns  have 
been  observed.  Furthermore  the  experimental  results 
show  that  at  this  low  pressure  of  the  working  gas  inside 
the  reactor  chamber  the  RF  power  which  is  necessary  for 
generation  of  the  torch  discharge  is  several  tens  of  watts 
and  it  is  roughly  one  order  of  magnitude  smaller  than 
in  the  torch  discharge  at  the  atmospheric  pressure. 


PiTssim  In  tlie  n  vtor  ehatsker 


Fig.  1.  The  plasma-chemical  ractor  with  torch 
discharge. 

Discussion 

The  experimental  results  show  that  the  plasma-chemical 
reactor  which  is  based  on  the  torch  discharge  is  able  to 
work  in  the  high  pressure  region  of  the  working  gas  up 
to  atmospheric  pressure.  As  it  has  been  mentioned  above 
in  such  pressure  range  the  powered  electrode  (thin  pipe) 
cannot  act  as  the  hollow  cathode  [6].  The  experimental 
results  show  that  in  the  investigated  plasma-chemical 
reactors  with  torch  discharge  the  thermal  emission  of 
electrons  from  the  hot  electrode  edge  should  be  taken 
into  account  and  due  to  this  phenomenon  the  arc  torch 
discharge  is  created. 
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Fig.2.  Curves  of  the  equal  light  intensities 
(isointensities)  obtained  by  scanning  and  consequent 
computer  processing  of  the  torch  discharge 
photographic  print  (enlarged  detail  of  the  electrode 
edge).  The  outer  contour  of  the  electrode  of  the 
diameter  0,7  mm  is  illustrated  by  dashed  line. 
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Introduction 

In  recent  years  there  have  been  a  considerable  growing 
interest  in  the  applications  of  plasma-chemical 
processes  in  the  surface  and  coating  technologies, 
treatments  of  various  materials  and  deposition  of  thin 
films.  The  reason  is  that  by  means  of  plasma-chemical 
technologies  it  is  possible  to  replace  classical 
technologies  that  often  have  the  harmful  influence  on 
the  envirorunent.  Furthermore  the  plasma-chemical, 
devices,  reactors,  can  be  used  in  novel  applications. 
For  example  the  surface  treatment  of  polymers  and 
materials  that  could  be  utilised  in  the  medicine, 
ecolo^cal  programs  and  biophysics.  Recently  for  the 
deposition  of  thin  films  from  the  various  materials 
diflerent  plasma-chemical  reactors  have  been 
developed.  The  disadvantage  of  the  most  of  them  is 
that  they  are  not  suitable  for  deposition  of  thin  films  on 
the  internal  walls  of  cavities,  holes  and  complex  shapes 
of  hollow  substrates.  For  the  novel  applications  it  is 
necessary  to  develop  the  plasma-chemical  reactor  that 
should  be  able  to  deposit  the  composite  thin  films  and 
multilayer  structures. 

The  RF  low  pressure  plasma-chemical  reactors  with 
one  hollow  cathode  can  in  particular  cases  fulfil  the 
mentioned  requirements  [1,2]  (For  review  see  for 
example  [3]  or  [4]).  In  the  plasma-chemical  reactors 
with  hollow  cathode  the  working  gas  flows  through  the 
hollow  cathode  that  acts  simultaneously  as  a  nozzle  for 
the  working  gas.  According  to  the  working  gas  flow  in 
the  reactor  chamber  these  reactors  can  be  divided  into 
two  groups:  The  systems  with  the  supersonic  gas  flow 
(plasma-jet  reactor,  RPJ)  and  with  the  subsonic  one. 

The  results  that  have  been  obtained  in  the  deposition  of 
thin  films  by  means  of  RPJ  reactors  with  one  hollow 
cathode  [5,6]  indicate,  that  the  plasma-chemical 
reactor  with  multi-hollow-cathode  ^stem  should  be 
able  to  deposit  the  composite  thin  films  and  multilayer 
structures  onto  internal  walls  of  cavities,  tubes  and  on 
the  components  with  complicated  shapes.  It  can  be  also 
expected  that  by  means  of  this  system  it  will  be  able  to 
deposit  the  composite  thin  films  and  multilayer 
structures  from  various  materials  in  dependence  on  the 
sort  of  working  gases  and  nozzles  material. 

In  the  present  paper  an  attempt  has  been  made  to 


develop  the  plasma-chemical  reactor  with  multi¬ 
hollow-cathode  system. 

The  multi-hollow-cathode  plasma-chemical 
reactor 

In  the  present  paper  for  sake  of  simplicity  we  developed 
the  reactor  with  only  two  hollow  cathodes.  The 
schematic  drawing  of  the  experimental  set  up  used  in 
the  present  paper  is  shown  in  Fig.  1.  The  working  gases 
that  flow  through  both  nozzles  were  adjusted  in  such  a 
maimer  that  flows  from  both  noz2des  are  supersonic. 
Both  nozzles  are  connected  to  the  different  RF 
generators  (in  Fig.  1  generator  RFl  and  RF2).  By  means 
of  these  generators  two  plasma  jets  are  created  inside 
reactor  chamber  in  the  same  way  as  in  the  one  hollow 
cathode  reactor.  The  advantage  of  such  experimental 
set  up  is  that  both  plasma-jet  channels  are  created  by 
independent  sources  and  the  working  conditions  of 
each  hollow  cathode  discharge  and  primary  plasma-jets 
can  be  independently  adjusted. 

The  substrate  is  isolated  from  the.  metallic  wall  of  the 
reactor  chamber  and  it  is  connected  with  the  output  of 
the  third  RF  generator  (in  Fig  1.  RF3).  Within  certain 
limits  by  means  of  the  output  voltage  of  this  generator 
it  is  possible  to  adjust  the  self-bias  voltage  of  the 
substrate. 


Fig  1.  The  scheme  of  the  plasma-chemical  reactor  with 
the  two-hollow-cathode  system. 
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The  plasma-chemical  processes  in  the 
plasma  channels. 

In  the  primary  plasma  channels  due  to  hollow  cathode 
discharges  there  are  both  the  neutral,  excited  and 
ionised  particles  of  the  working  gas  and  the  particles 
sputtered  from  nozzle  surface.  The  plasma-chemical 
reactions  between  the  mentioned  particles  take  place  in 
the  hollow  cathodes,  in  the  primary  plasma  chaimels. 
In  the  crossing  point,  in  the  secondary  plasma  channel 
and  in  the  stagnation  point  the  intensive  plasma- 
chemical  reactions  between  the  particles  from  both 
primary  charmels  also  could  be  expected.  The  scheme 
of  the  particles  and  the  interactions  between  them 
inside  the  reactor  with  the  two-hollow-cathode  system 
is  seen  in  Fig.  2 


As  an  example  of  plasma-chemical  reactions  the 
plasma-chemical  ion-molecule  reaction  of  ions  from  the 
first  primary  charmel  (A^  with  the  neutral  molecules 
from  the  second  primary  channel  (Bn)  inside  the 
secondary  plasma  charmel  is  presented  here  in  more 
detail.  The  intensity  of  the  particular  plasma-chemical 
ion-molecitlar  reaction  of  ions  from  the  first  primary 
charmel  (A^  with  the  neutral  molecules  from  the 
second  primary  charmel  (Bn)  can  be  estimated  under 
assumption  that  in  the  supersonic  secondary  charmel 
the  plasma  is  approximately  in  the  condition  of  the 
flowing  afterglow.  The  density  of  the  neutral  molecules 
[Bn]  is  customary  several  orders  of  magnitude  higher 
with  respect  to  the  density  of  ions  [A^  so  that  the 
variation  of  the  density  [Bn]  due  to  reactions  with  ions 
(A^  can  be  in  oirr  estimation  neglected.  Then  for  the 
variation  of  the  ions  density  [A^  along  the  secondary 
charmel  can  be  written  (  diffusion  losses  do  not  play 
substantial  role); 


[a*(')][b.] 


(1) 


where  [A^  and  [Bn]  are  the  densities  of  ions  and 
molecules  respectively,  k,  is  the  rate  coefficient  of  the 
ion-molecule  reaction  between  A^  and  Bn. 

The  solution  of  the  equation  (1)  is; 

[A^(t)]«[A"(0)]  exp{-k,  [B„]t}  (2) 

where  t  is  the  reaction  time  and  [A'^(O)]  is  the  density 
of  the  ions  in  the  crossing  point. 


Because  the  plasma  in  the  secondary  charmel  is  flowing 
with  drift  velocity  Vd  for  the  reaction  time  t  can  be 
approximately  written; 


where  x  is  distance  from  the  crossing  point  where  the 
reaction  time  is  t. 

By  means  of  equation  (2)  it  is  possible  to  determine  the 
decay  of  the  ion  density  [A"]  due  to  reactions  with 
molecules  (Bn)  and  from  obtained  results  roughly 
estimate  the  intensity  of  the  investigated  ion  molecdar 
reactions.  For  example  if  we  assitme  that  the  rate 
coefficient  k;  of  the  investigated  ion-molecule  reaction 
is  10  ®  ernes  ',  the  density  of  the  neutral  molecules  [Bn] 
is  between  lO’^'-lO’®  cm'^,  then  the  density  of  the  ions 
[A"^  in  the  secondary  charmel  decreases  downto  1%  of 
the  value  at  the  beginning  of  the  charmel  [A^  (0)]  after 
the  reaction  time  0,5-50  psec.  For  supersonic 
velocity  of  the  particles  in  the  secondary  plasma 
charmel  the  drift  velocity  is  approx.  Vd  «  3.3  lO"*  cm.s  ’. 
If  we  assume  that  the  distance  between  substrate  and 
crossing  point  is  in  the  region  of  lw2-3  cm  the  drift 
time  of  the  particles  in  the  secondary  channel  order  of 
several  tens  till  himdred  psec.  For  the  exact 
calcrrlations  of  the  plasma-chemical  reaction  intensity 
along  the  channel  it  is  necessary  to  take  into  account 
the  recombination,  the  radial  dififtrsion  of  the  ions  IC 
and  also  the  variation  of  the  drift  velocity  in  the 
supersonic  charmel.  Nevertheless  from  above  presented 
simplified  consideration  it  is  seen  that  the  density  of 
the  reaction  product  at  the  end  of  the  secondary  charmel 
is  of  the  same  order  of  magnitude  as  the  primary  ion 
[A^(0)]  density.  It,  should  be  noted  that  the  plasma- 
chemical  processes  inside  the  stagnation  point  also 
contribute  to  chemical  activity  inside  the  reactor. 
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1.  Introduction 

In  conventional  ion  implantation,  mass  .separation 
is  realized  to  select  the  ions  to  be  implanted  and  to 
avoid  the  implantation  of  impurities.  In  contrast,  to 
alleviate  the  implantation  process,  plasma-based  ion 
implantation  (PBII)  does  not  apply  mass  selection. 
Therefore,  it  is  of  high  interest  to  know  the  ion 
composition  of  the  plasma  to  be  able  to  predict  the 
implantation  profile.  In  addition,  as  the  implanted  ion 
depth  range  for  monoatomic  ions  is  much  larger  than 
for  molecular  ions  of  equal  energy,  plasmas  with  a  high 
fraction  of  monoatomic  ions  are  very  attractive  for 
applications  in  the  high  energy  range, 

2.  Experimental 

The  chamber  of  our  PBII  reactor  is  a  60  cm 
diameter,  70  cm  high  cylinder.  On  a  50  cm  diameter 
circle,  the  inside  of  the  lateral  wall  is  covered  with  an 
array  of  24  tubular  magnets,  2.45  GHz  microwave 
power  feeds,  and  wave  propagators.  Fast  electrons, 
trapped  in  the  magnetic  field,  oscillate  along  the  field 
lines  between  the  opposite  poles  of  each  magnet,  and 
drift  along  the  length  of  those  magnets  [1],  When  the 
electrons  reach  the  end  of  a  magnet,  they  swing  into  the 
opposite  lobe  and  continue  their  itinerary  of  plasma 
production.  Hence,  each  individual  magnet  acts  as  a 
three-dimensional  magnetron  structure.  The  entire 
lateral  wall  of  the  cylinder,  in  excess  of  one  square 
meter,  constitutes  a  peripheral  plasma  source  that 
produces  a  uniform  distributed  plasma  (UDP) 
throughout  the  chamber,  apt  to  treat  the  objects  fastened 
onto  the  bottom  platen.  The  platen  has  a  10  cm  useful 
diameter,  and  may  accomodate  Oat  wafers,  pipes,  or 
objects  of  arbitrary  form. 

The  45  kV,  5  A  high  voltage  pulse  generator  used 
in  this  study  is  of  the  conventional  type  [2],  The  sy.stem 
includes  a  60  kV,  2  mA  high  voltage  power  supply, 
connected  to  a  27  nF  capacitor  through  a  charging 
resistor  of  200  kt2.  The  high  voltage  pulse  is  obtained 
via  the  partial  discharge  of  the  capacitor  by  means  of  a 
tetrode  high  voltage  tube,  which  switches  the  positive 
electrode  of  the  capacitor  to  ground.  The  pulse  duration 
can  reach  100  ps  with  a  repetition  rate  of  up  to  10  Hz. 


The  top  cover  on  the  PBII  reactor  can  be  replaced 
by  a  window,  or  by  a  support  for  electrostatic  probes  or 
a  mass  spectrometer.  The  plasma  parameters  (plasma 
potential  V^,  floating  potential  V,,  electron  temperature 
T,.,  electron  and  ion  densities  n,  and  n,)  were  determined 
by  analyzing  the  I(V)  curves  obtained  with  a  cylindrical 
electrostatic  probe. 

The  ion  composition  of  the  UDP  plasmas  was 
measured  by  quadrupole  mass  spectrometry.  The  mass 
spectrometer  with  its  differential  pumping  system 
replaces  the  top  cover  of  the  PBII  reactor.  The 
quadrupole  is  separated  from  the  UDP  plasma  by  a  90° 
molybdenum  cone.  The  base  diameter  of  the  cone  is  10 
cm,  and  ions  are  sampled  from  the  plasma  through  a  I 
mm  diameter  orifice  at  the  cone  tip.  The  quadrupole  is 
equipped  with  a  high  efficiency  electron  impact  source, 
with  an  extractor  and  a  three-element  ion  lens.  An 
additional  cylindrical  ion  inlet  lens  is  placed  between 
the  sampling  cone  and  the  ion  source.  It  is  possible  to 
bias  the  quadrupole  power  supply  by  ±  10  V  with 
respect  to  ground. 

For  plasma  composition  measurements,  the 
sampling  cone  was  grounded.  Thus,  the  ions  are  driven 
into  the  mass  spectrometer  by  the  plasma  potential.  To 
obtain  quantitative  measurements,  the  quadrupole  was 
run  under  high  transmission,  low  resolution  conditions. 
To  obtain  wide  flat  peaks,  without  notches,  it  was 
necessary  to  ground  the  inlet  ion  lens  as  well  as  the  ion 
source  elements.  Then,  it  was  feasible  to  obtain  flat 
rectangular  peaks  by  slightly  retarding  the  ions  durina 
their  trajectory  in  the  quadrupole,  through  adjustment  of 
the  quadrupole  bias  with  respect  to  the  plasma  potential. 

3.  Results  and  interpretation 

The  plasma  parameters  have  been  measured  with  a 
movable  Langmuir  probe  in  nitrogen,  oxygen  and 
hydrogen  UDP  plasmas.  The  radial  and  axial  evolution 
of  the  plasma  characteristics  shows  that  the  plasma  is 
uniform  radially,  but  exhibits  a  decrease  in  density  at 
both  the  top  and  the  bottom  of  the  reactor,  due  to  the 
absence  of  magnetic  field  confinement  there.  The 
plasma  parameters  (Table  I)  have  been  obtained  at  a 
pressure  of  1  mtorr.  and  with  1 .4  kW  (N,.  O,)  or  1.6  kW 
(H,)  microwave  input  power  distributed  over  the  24 
microwave  applicators.  In  nitrogen,  oxygen  and 
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hydrogen,  the  plasma  and  floating  potentials  are  close  to 
the  ground  potential.  In  such  UDP's  the  electron 
temperature  is  rather  low,  and  the  ion  densities  are  a  few 
times  10'"  cm’. 


Nitrogen 

Oxygen 

Hydrogen 

Vp 

10  V 

9,5  V 

6.4  V 

Vf 

7  V 

5,7  V 

4,3  V 

Te 

1,2  eV 

1,3  eV 

0,95  eV 

n* 

2  X  10"’ cm'’ 

1,4  X  10'"  cm’ 

4,5  X  10’  cm  ’ 

Table  I 


The  ion  composition  was  determined  by 
quadrupole  mass  spectrometry.  The  main  result  is  that 
the  atomic  ions  N*,  O*,  dominate  over  the  molecular 
ions  N/,  O*,  (H/,  H,'*)  by  a  factor  of  about  three.  That 
ratio  depends  only  slightly  on  pressure  in  the  0.2-2 
mtorr  range. 


1(14)  1(28)  1(16)  1(32)  1(1)  l(2)tl(3) 


This  result  differs  from  what  is  observed  in  a 
classical  electron  impact  ion  source,  or  in  less  energetic 
plasmas.  Here,  we  restrict  the  discussion  to  the 
phenomena  that  occur  in  the  nitrogen  UDP.  Usually,  the 
molecular  ion  N,*  prevails  over  the  atomic  ion  N*  in  a 
ratio  of  ten  to  one  or  five  to  one  [3].  This  is  due  to  the 
ratio  of  the  cross-sections  for  the  two  ion  formation 
processes  by  electron  impact  in  the  50-100  eV  electron 
energy  range  : 

e  +  N,  - N/  -f  2e'  ( I ) 

e'  +  N,  - ^  N*  -I-  N  +  2e'  (2) 

The  reason  why  the  atomic  N*  ion  prevails  in  the  UDP 
plasma  cannot  be  attributed  to  the  charge  tran.sfer  from 
the  molecular  ion  N,*  via  the  reaction 

N/  +  N  - >  N, -i-N*  (3) 

Atomic  nitrogen  is  likely  to  be  an  important  constituent 
in  the  UDP  plasma.  However,  in  spite  of  the  I  eV 
exothermicity  of  this  reaction,  its  rate  coefficient  has  a 


low  upper  limit  of  10'"  molecule  '  cm’  s  '  [4],  so  that  the 
contribution  of  this  reaction  to  the  N*  population  can  be 
neglected. 

Dissociative  ion-electron  recombination  (rate 
coefficient;  2.7  10"  molecule  ■'  cm'  s  '  [5]) 

N,*  -I-  e'  - >  2  N  (4) 

is  also  too  slow  under  our  plasma  density  conditions  to 
play  a  possible  role  in  the  (apparent)  N,*  decrease.  The 
only  way  to  explain  the  overabundance  is  to  take 
into  account  the  electron  impact  dissociation  of  N,*  : 

N/  -t-  e'  - >  NV  N  -I-  e'  (5) 

In  the  50-100  eV  electron  energy  range  the  cross- 
section  for  this  process  is  roughly  ten  times  larger  than 
that  for  process  (1)  (6].  The  importance  of  this 
molecular  ion  dissociation  process  is  presumably  linked 
to  the  trapping  of  the  N/  ions  in  the  magnetic  field 
region  where  they  are  produced,  i.e.  in  the  region  where 
fast  electrons  are  trapped  [7].  Thus,  a  high  dissociation 
rate  of  N,*  ions  is  easily  obtained.  Of  course,  ionization 
of  the  abundant  N  atoms  ; 

N  -H  e'  - >  N"  +  2e'  (6) 

may  also  contribute  to  N*  formation. 

4  Conclusion 

The  uniform  distributed  plasma  (UDP)  is  a 
powerful  plasma  source,  which  favors  monoatomic  ion 
over  diatomic  or  molecular  ion  production.  The  high 
monoatomic  to  diatomic  ion  ratio  in  the  UDP  plasma 
will  favor  the  effectiveness  of  the  PBII  process. 
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The  study  of  plasmas  containing  N2 
molecules  currently  motivates  considerable 
attention  as  these  mixtures  are  commonly 
employed  for  surface  treatment.  Nitrogen  atoms 
are  one  of  the  most  important  species  in  metal 
surfiice  nitriding,  so  that  the  study  of  N  atom 
production  and  loss  is  of  great  interest.  The 
theoretical  model  is  based  on  the  solution  to  the 
homogeneous  Boltzmann  equation  for  electrons 
coupled  to  a  system  of  rate  balance  equations  for 
the  vibrational  levels  N2  (X,v)  and  H2  (X,v)  for 
typical  operating  conditions  of  a  low  pressure, 
moderate  current  N2-H2  discharge^'l  The 
Boltzmann  equation  includes  both  inelastic  and 
superelastic  e-V  collisions,  while  the  rate  equations 
system  for  the  vibrational  levels  takes  into  account 
e-V,  V-V  and  V-T  exchanges  as  well  as  processes 
of  dissociation,  atom  reassociation  and  vibrational 
deactivation  on  the  wall  of  the  contamer.  In  the 
calculations  developed  for  this  work  we  have 
considered  the  variations  of  the  reduced  electric 
field  E/N,  as  a  function  of  hydrogen  concentration 
in  the  mixture^^l  The  model  considers  that,  under 
steady  state  conditions,  the  population  of  N 
atoms^^^  are  obtained  by  equating  the  production 
and  loss  mechanisms.  The  total  dissociation  rate, 
Vdiss.,  includes  both  dissociation  by  electron  impact 
and  dissociation  by  V-V  energy  exchanges.  Only 
single  quantum  transitions  are  considered  for  the 
terms  V-V,  which  are  the  most  likely  ones.  The 
dissociation  by  a  purely  vibrational  mechanism  is 
assumed  as  a  transition  fi-om  the  last  bound  level 
v=45  to  a  pseudo-level  in  the  continuum(v=46), 
according  to  the  following  reactions: 

N2(X,  v)+N2(X,  v=45)->N2(X,  v-l)  +  N  +  N  (I) 

and 

N2  +  NzfX,  v=45)  ^  N2  +  N  +  N  (2) 


The  corresponding  dissociation  rate  for  this 
vibrational  mechanism  is  given  by: 

v''di«=[N]"{545f;  ^P4^'  +  5,sP45,A6}  (3) 

V  =  1 

where  '  and  P45  4^  denote  the  relevant  V-V 
and  V-T  rate  coefficients  involving  the  last  bound 
vibrational  level  and  the  pseudo-level  into  which 
dissociation  is  assumed  to  occur.  The  dissociation 
by  electron  impact  v'dia  is  calculated  by: 

v'di«  =  neN2<6^y^>  (4) 

where  the  quantity  in  brackets  <  >  is  rate 
coefficient  for  dissociation  (the  brackets  mean  the 
average  over  the  electron  energy  distribution),  5^ 
is  the  cross  section  for  dissociation  by  electron 
impact,  m  is  the  electron  mass,  n*  is  the  electron 
density  and  u  is  the  electron  energy.  In  what 
concerns  the  destruction  of  N  atoms,  the 
mechanisms  considered  in  this  work  are: 

(i)  three-body  gas  phase  atom  reassociation: 
N2+N(''S)  +N(''S)^  N2+N2(A^I  B^rig,  a'  Z  (5) 

(ii)  heterogeneous  atom  recombination  on  the  wall: 

(6) 

(iii)  destruction  by  electron  impact: 

e  +  N(^S)-»  e  +  N(^D,¥)  (7) 

(iv)  collision  with  metastable  molecules  N2(A^Z  J') 

N2(A"Z  u")  +  He'S)  -A-  N2(X)  +  N("D,  "P)  (8) 

The  experimental  apparatus  was  already 
described  in  details  elsewhere  [4].  Briefly,  the  gas 
flows  in  a  Pyrex  discharge  tube  of  1.6  cm  i.d.  at 
gas  pressure  of  2.0  torr  and  discharge  current  of 
80  mA.  The  Laser  Induced  Fluorescence  (LIF) 
diagnostics  are  performed  by  using  a  tunable 
(lOHz  recurrence  frequency,  7ns  pulse  duration) 
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pulsed  laser,  DATACHROM  5000  from  Quantel 
The  detection  of  LIF  is  obtained  by  imaging  the 
interaction  region  onto  the  entrance  slit  of  Jobin- 
Yvon  HR640  monochromator.  In  atom  LIF 
detection,  two  laser  photons  pumped  ground  state 
N  atoms  at  X.=211  nm  with  fluorescence  at  X,=869 
nm. 


The  density  of  N  atoms  as  a  function  of  de 
hydrogen  concentration  in  the  mixture  is  presented 
in  figure  1.  The  concentration  of  nitrogen  atoms 
increase  when  the  gas  mixture  composition  is 
varied  N2  -  x%H2  (0  <  x  <  15).  The  experimental 
results  show  that  the  N  atoms  number  densities 
increase  until  1%H2  and  decrease  for  the  larger 
concentrations  (experimental  points  are  normalized 
to  theoretical  ones  at  N2  pure  discharge).  When 
small  %H2  is  added  to  the  mature,  the  high  energy 
tail  of  the  electron  energy  distribution  function 
(EEDF)  is  enhanced  (by  the  increase  of  the  electric 
field)  as  compared  to  that  in  pure  N2  [1,2].  This 
change  in  the  EEDF  leads  to  an  augmentation  in 
the  dissociation  rates  given  by  V-V  and  electron 
impact  mechanisms.  In  the  figure  1  the  theoretical 
results  are  represented  for  three  different 
conditions;  the  results  in  curve  A  were  obtained  for 


a  metastable  normalized  density  (Q^  = 


N, 


) 


of  1.0  X  10“*  and  a  N  atom  wall  reassociation 


probability  Jr  =  3.2  x  10"®.  The  curve  B  show  that 
an  increase  in  Qa  (5.0x10'^)  results  in  a  lower 
density  of  atoms.  The  effect  of  augmentation  in  the 
Jj  value  is  shown  in  curve  C. 


The  depopulation  rates  of  N(‘*S)  atoms  are 
presented  in  figure  2.  The  results  reveal  the 
importance  of  destruction  of  N(*S)  atoms  by 
collision  with  metastable  N2(A^EuO  and  by 
electron  impact.  These  loss  mechanisms  are  by  far 
more  effective  than  reassociation  on  the  wall  and 
by  three-body  collision. 

We  have  presented  results  from  a 
combined  experimental  and  modeling  study  of  N2 
dissociation  mechanisms  in  a  N2-H2  glow 
discharge  positive  column.  We  have  shown  that 
under  the  present  experimental  conditions,  the 
value  of  Qa  is  important  in  order  to  determine  the 

N  atom  density.  The  influence  of  Yr  is  less 
effective  (see  curve  C  in  figure  2),  because  the 
coefficient  for  this  reaction  is  two  orders  of 
magnitude  lower  than  the  coefficient  for 
destruction  by  colhsion  with  triplet  metastable 
state  N2(A'Iu^). 
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Fig.  1:  Atoms  density  as  a  fimction  of  H2  concentration 
in  the  mixture.  (A):  Qa=l,0  xlO"^  and  Yr=3,0xl0’*;  (B): 
Q„=5,0  X  lO'^  and  =3,0  x  IQ-®;  (C):  ^<.=1,0x10-^  and 
yr=3,0xl0‘^;  •  LIF  experiments. 


Fig.  2:  Atoms  depopulating  rates  as  a  function  of 
%H2.  (A);  destruction  by  electron  impact,  (B): 
destruction  by  collision  with  metastable  N2  (A^Z 
(C)  reassociation  at  the  wall,  (D);  three  body 
reassociation. 
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1.  Introdnction 

One  of  the  industrial  applications  of  the 
processes  taking  place  in  gas  discharge  is  surface 
treatment  of  materials  in  the  presence  of  acoe  - 
lerating  potential  on  the  substrate  ,  i.e.  at  ionic 
bombardment  conditions.  This  is  due  to  the  fact 
that  the  material  irradiation  by  the  particles  of 
keV  energies  substantially  influences  structure  , 
electrical ,  magnetic  ,  optical  ,  mechanical  and  other 
properties  of  the  materials  surface  layer.  The 
method  under  consideration  for  obtaining  materials 
with  required  properties  needs  a  detail  study  of  the 
implanted  layer  formation  process. 

The  physical  ej^eriment  is  rather  expensive.  That 
is  why  preliminary  theoretical  calculations 
undoubtedly  become  actual.  At  present  the 
sufllciently  full  picture  of  processes  stipulated  by 
the  irradiation  damage  of  material  during  it's  ion 
implantation  is  composed.  We  have  created  a 
computer  model  which  allows  to  investigate 
dynamics  of  structural  transformation  in  an 
implanted  layer.  This  model  is  based  on  general 
principles  and  contains  modem  theoretical  and 
experimental  data.  In  terms  of  cluster  dynamics  a 
system  of  integral-differential  equations' describing 
the  dynamics  of  ion-stimulated  processes  in  the 
implanted  layer  has  been  obtained.  The  parameters 
of  which  the  system  of  equations  is  composed ,  are 
coimected  with  the  irradiation  parameters  (energy  , 
intensity  ,  temperature  ,  dose)  and  the 

characteristics  of  the  irradiated  material  (structure  , 
the  energy  of  atom  binding  and  di^laoement  , 
diffusion  and  sputtering  coefficient  and  other 
parameters). 

2.  Results  and  discussion 

Some  calculation  results  of  the  probability  of  the 
occurrence  of  initial  crystal  phase  I  ,  amorphous 
phase  A  ,  intermediate  phase  S  and  new  (impurity) 
crystal  phase  N  in  an  implanted  layer  are  given 
below.  Calculation  results  are  given  for  the 
implanted  layer  depth  according  Rp  -  average  ion 
projective  run  in  the  material,  ion  energy  E  =  3  keV 
and  irradiation  intensity  J  =  5E-(- 1 8  ,  m'^. 

It  should  be  noted  that  initial  conditions  for  the 
calculations  are  based  on  reliable  experimental 
results.  The  dependence  of  I  ,  A  ,  S  and  N  on 
irradiation  dose  D  under  substrate  temperature  T  = 
300K  are  shown  in  Figure  1. 


Figure  1 .  The  probability  of  the  occurrence  of  I , 
A  ,  S  ,  N  as  the  irradiation  dose  function  for  B  •>  In 
combination.  T=300K 


D - ->  ,  m'2 

□  -  initial  crystal  phase  ( I )  ; 

X  -  amorphous  phase  (  A  )  ; 

<>  -  intermediate  phase  (  S  )  ; 

A  -  new  crystal  phase  (N); 


Figure  1  shows  :  from  the  beginning  of 
irradiation  the  cored  solid  solution  arises  and 
develops.  As  diffusive  processes  are  suppressed  at 
the  present  temperature  ,  the  amorphous  phase 
arises  and  progresses.  Ehiring  the  following  dose 
increasing  the  phase  proportion  changes  to 
amorphous  phase.  The  implanted  layer  becomes 
completely  amorphous  from  D  =  5E+19,  m-\  This 
result  coincides  with  experimental  data  closely 
[1,2).  The  fact  of  precipitates  arising  under  the 
present  irradiation  conditions  is  very  interesting  in 
our  opinion.  The  indicated  result  does  not  take  place 
in  the  experiment  at  present.  Possibly  it  is  due  to  the 
fact  that  this  effect  arises  in  the  narrow  field  of 
irradiation  dose  values.  Figure  2  shows  the 
dependence  ol  I  ,  A  ,  S  and  N  on  irradiation  dose  D 
under  substrate  temperature  T  =  500K. 
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Figurs  2.  The  probability  of  the  occurrence  of  I ,  A  , 
S  and  N  as  the  irradiation  dose  function  for 
combination  B  ->  Ni.  T  =  500K. 
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In  this  case  initial  crystallinity  remains  safety  up  to 
the  dose  value  D  =  4E+19  ,m'^.  It  restorates 
because  of  diffusive  processes.  The  proportion 
between  S  ,  A  and  N  phrues  changes  continuously 
durii^  irradiation  process  in  the  dose  interval 
D  =  (0.6  -4)E+19  ,  m'2.  The  catastrophically 
destruction  of  crystallinity  takes  place  from 

the  dose  value  D=4E+19,m'^. 

We  can  explain  our  results  in  the  following  way. 
Phase  composition  of  the  implanted  layer  is  formed 
as  a  result  of  the  development  of  the  two  rival 
processes  -  the  process  of  atom  mixing  at  the  initial 
stage  of  irradiation  (during  atom  peitetration)  and 
the  process  of  atom  segr^ation  under  the  effect  of 
chemical  forces  in  the  stage  that  foUows  (for  the 
time  between  atoms  hitting).The  new  phase  (  N  )  is 
constantly  being  destroyed  during  irradiation 
process.  Dyruunic  equilibrium  between  phases  in  the 
layer  is  created  arranges  depending  on  irradiation 
conditions  and  thermo-chemical  parameters. 

Besides  our  calculations  show  that  ion 
bombardment  consequences  depend  on  the 
irradiation  inteirsity  ,  substrate  heat  -  conducting 
properties  and  the  presence  of  temperature  gradient 
in  the  substrate  bulk.  It  is  important  that  the 
structural  and  phase  transformation  dynamics  in  the 
implanted  layer  is  determined  by  the  velocity  of 
the  temperature  incresising.  As  follows  from  it  ,  at 
equal  inteimty  ,  dose  and  temperature  values  the 
irradiation  result  must  depend  on  the  substrate  size. 
This  result  differs  from  existing  data  which  notes 


that  irradiation  of  thick  and  thin  specimens  gives 
identical  results. 

3.  Conclnnon 

Our  results  do  not  contradict  the  experimental 
data.  These  calculations  may  be  used  directly  to  plan 
the  physical  experiments.  The  model  imder 
consideration  allows  a  ratio  between  crystal  and 
amorphous  phases  to  be  calculated  in  the  implanted 
layer  under  the  irradiation  conditions  chosen  or  , 
on  the  other  hand  ,  it  enables  the  required  for  it 
irradiation  conditions  to  be  determined  using  the 
given  amoiphism  of  the  irradiated  material.  In 
addition  to  above  mentioned  possibility  our  model 
allows  to  investigate  dynamics  of  structural 
transformation  during  nonisothermal  implantation 
i.e.  when  q>ecimen  temperature  increases  in  the 
course  of  irradiation  process. 

Finally,  it  should  be  noted  that  no  other  of  model 
(exc^t  ours)  can  give  suitable  results  if  dose  and 
temperature  values  diange  in  wide  range. 
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1.  Introduction 

Theoretical  papers  [1.2]  proposed  h\pothetical 
e.xistence  of  a  metastable  phase  with  stoichiometric 
formula  C3N4.  structurally  analogous  to  the  /0-Si3N4 
phase.  Our  previous  studies  [3]  have  permitted  to  get  an 
a:C-H(N)  film  with  14%  nitrogen  rate  in  a  CH4(0.2)- 
N2(0.4)-Ar(0.4)  RF  discharge  (P  =  200  W,  p  =  1  mbar, 
total  flow'  rate  =  51/h).  Preliminary  studies  [4] 
concerning  correlations  between  gaseous  phase 
mechamsms  and  film  characteristics  suggest  that  the 
principal  precursors  of  the  deposition  process  seem  to 
be  the  CxHj-Nz  radicals  (in  particular  CH3N). 


2.  Experimental  set-up 

The  experimental  set-up  used  for  PECVD  method  is  a 
RF  discharge  (figure  1)  obtained  between  two  external 
electrodes  siuroimding  a  Pyrex  reactor  (a  coil 
connected  to  the  generator  via  a  matching  network  and 
a  metallic  grounded  electrode). 


Fig.  1 :  Experimental  set-up 


Light  emission  has  been  analysed  using  a  Jobin  Yvon 
monochromator  with  a  high  resolution  and  a  CCD 
detector  equipped  with  an  optical  fiber.  A  VG 
quadrupole  gas  analyser  has  permitted  to  detect  stable 
species  collected  in  different  reactor  regions.  A 
substrate  with  or  without  e.xtemal  cooling  and 
polarisation  may  be  introduced  perpendicularly  in  the 
gaseous  flow. 


3.  Experimental  analysis 

Because  of  a  strong  asv’mmetric  character  of  the 
discharge,  the  efficiency  deposition  in  a  CH4-N2-Ar 
mi.\ture  is  limited  by  the  methane  destruction  in  the 
coil  region  and  the  formation  of  an  a;CH  film  on  the 
reactor  walls. 

In  order  to  create  a  higher  concentration  of  the 
carbonitride  species  in  the  gaseous  phase,  different 
methane  and  nitrogen  partial  pressures  or  other 
precursors  were  used  in  the  same  e.xperimental 
conditions  ;  CH4-NH3  (in  the  Ar  or  He  presence), 
C6H5N(CH3)2,  C5H5N  and  CH3NH2. 

Principal  dissociation  and  recombination  mechanisms 
were  analysed  by  optical  emission  spectroscopy  (OES) 
and  mass  spectrometry  (MS). 

The  most  part  of  these  diagnostics  were  associated  with 
infrared  spectroscope’  (IRS)  and  chemical  composition 
analyses  of  a:C-H(I^  films  deposited  on  Si02  or  Zr 
substrates  (with  or  without  extental  cooling). 

Oxj'gen  and  argon  plasmas  are  created  after  deposition 
and  the  emission  intensities  ratios  of  the  excited  species 
obtained  by  sputtering  inform  on  relative  implantation 
rate  evolution  of  C,  N  and  H. 

In  the  grounded  electrode  region,  the  mean  rate 
deposition  is  directly  estimated  by  mass  measurements 
and  in  the  coil  region  we  have  used  the  decrease  of 
some  argon  lamp  lines. 


4.  Results  and  discussions 

4.1.  a:C-H(N)  deposition  in  a  CHi-Nj-Ar  mixture 

Changing  the  argon  flow  rate,  it  was  remarked  that  the 
NH  implantation  rate  in  the  film  and  the  relative 
deposition  velocity  are  favoured  for  a  low  partial 
pressure  of  methane  (<  10%). 

On  the  other  hand,  the  relative  intensities  ratios  Inh/Ich 
(OES)  and  Ih2/Icnh  (MS)  present  a  strong  increase  for 
the  same  experimental  conditions. 

4.2.  a:C-H(N)  deposition  using  other  precursors 

The  most  interesting  properties  of  a:C-H(N)  film  using 
the  other  precursors  are  obtained  in  CH3NH2  plasma 
( 18%  of  implantation  nitrogen  rate  in  the  film)  and  the 
presence  of  the  CH3N  radical  in  the  gaseous  phase 
confirms  our  previous  conclusions  [4]. 

Several  experimental  results  using  different  precursors 
are  presented  in  table  1 . 
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Experimental 

parameters 

Experimental 
Gaseous  phase 
analysis 

results 

Deposition 

analysis 

CH3NH2 

OES  :  N;.  N;  . 

rate :  1 .0 

CH3NH2(0.2)- 

Ar(0.8) 

CN.NH.Ar.H. 

CH 

mg/cm’/h 
density  ;  1.71 

MS :  Hv  CH4. 

C(,33  No  18-  H  0  44 

P  =  200  W 

N:.  N;H4.  HCN. 

Oo  042 

p  =  1  mbar 

hydroc.  in  C;.C3 

(with  cooling  ) 

C6HsN(CH3)2 

C6H5N(CH3)2 

Ar 

OES  :  N;.  N;'. 
CN.NH.CH.  H 

rate;  8.43 
mg/cm"/h 
densit\"  1.38 

P  =  200  W 

MS  :  H;.  CH4. 

Co  ,53  No  04  H  0  43 

p  =  1  mbar 

N:.  N;H,.  HCN. 

(  P  =  300  W  ) 

T=Tgaz 

hvdroc.  C-.C3 
C4.C5  C6.C2  N: 

C5H5N 

OES :  N:.  Nf. 

rate:  3  3  mg/cm"/h 

CjHsN-Ar 

CN.  NH.H.  CH 
MS  :  H;.  CH4. 

N:.  N:H4.  HCN. 
hvdroc.  in  C^.Cs 

density;  1.33 

P  =  200  W 
p  =  1  mbar 

C;N2.firagments 
containing  N  in 
C3.C4. 

^0  .53^0  H  0  40 
Oi:i  (Xi6 

C4H5N 

- 

density  :  1.25 

Co  ..>1  No  118  H  0  43 

Oo  01 

CH4(0.2)-NH3 

OES  :  H-.  H.N;. 

(0.4)-Ar(0.4) 

100^(W)<300. 

NH. 

NH;.N:^CN 

no  deposition 

0.5<p(mbar)<7 

MS  :  CH,. 
HCN.H;.N;, 
hvdroc  C:.C3 
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Table  1 


The  Ixm/Ic-h  ratio  is  also  important,  in  good  agreement 
with  the  nitrogen  implantation  rate  (the  same  ratio  is 
\ery  small  with  other  precursors  where  the  nitrogen 
rate  is  lower  than  5%). 

No  e\ident  correlation  was  established  between  the 
precursor  nature  and  the  deposition  \  elocity. 


5.  Perspectives 

The  experimental  set-up  will  be  modified  introducing 
the  methane  in  the  interelectrode  region  ;  systematic 
OES  and  MS  analysis  were  made  for  different  partial 
pressures  in  order  to  verify  the  correlation  between  the 
Ixh/I(ti  and  ratios  and  the  nitrogen 

implantation  rate. 

The  strong  hydrogen  rate  of  all  these  depositions 
(nearly  50%)  modifies  their  expected  properties  (in 
particular  microhardness  and  thermostability).  Recent 
works  using  cyanuric  chloride  as  precursor  ha^e 
permitted  to  obtain  a  lower  hydrogenated  film  (  30%) 
containing  32%  nitrogen  rate. 
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1.  Introduction 


3.  Experimental  analysis 


Many  studies  [1.  2]  are  de\'Oled  to  the  elaboration  of  the 
a:Si-H(N)  deposition  by  PECVD  using  the  SiHj-NHi 
mixture.  Its  optimisation  is  pre\'ented  by  the  complexity 
of  the  reaction  processes  in  the  gaseous  phase  and 
different  kinetic  models  are  proposed  in  order  to 
establish  the  precursor  species.  A  previous  theoretical 
model  [3)  suggests  that  the  main  responsible  of  the 
silane  dissociation  is  the  NH;  radical.  Systematic 
analysis  of  the  gaseous  phase  by  OS  (optical 
spectroscopv)  gives  informations  concerning  the 
reactivity  of  the  nitrogenated  species  in  the  Silii-NH3 
plasma. 


2.  Experimental  set-up 

The  reactor  used  for  the  capacitive  RF  discharge  (13.56 
MHz)  is  presented  in  figure  I  (interelectrode  distance 
1.4  cm). 


electrodes 


Fig.l.  Experimental  set-up 


Mass  flow  regulators  permit  to  introduce  from  2  to  10% 
SiH4  in  a  low  energetic  discharge  (generally  p=l  Torr. 
P=5  W).  Actinometry  analysis  are  realized  introducing 
N;  and  Ar  as  impurities. 

A  CCD  detector  (two  holografic  gratings  with  150  and 
1200  grooves/mm)  equipped  with  an  UV  optical  fiber  is 
used  to  made  optical  measurements  in  different  reactor 
regions  (named  A.  B  and  C  windows). 

A  XeCl  excimer  laser  (/.=308  nm)  pumps  a  Dye  laser 
using  Rhodamine  6G  and  allow  s  to  explore  the  560-630 
nm  spectral  range. 

The  temporal  signals  are  detected  and  explored  by  a 
Boxcar  Integrator  4022. 


The  main  species  detected  by  optical  absorption  and 
emission  spectroscopy  in  a  SiH4-NH3  mixture  (p= 
1  Torr.  p=5W.  5%  SiH,)  are  presented  in  table  1. 


Optical 

analyse 

Spieces 

Transition 

OES 

NH.vb 

A^n(0)^x^z*(0) 

A^n(i)-^.x^i‘(i) 

Hx,b 

3d->2p 

H2.b 

i  S 

3p  n->2s  z 

SiNe 

A=  s'^(0)-^X-  S'^(O) 

SiHe 

A-  a'^(0)->x-  n'^(O) 

OAS 

X'Ai->A'Bi 

Table  1 

(A-for  window  A  ;  B-for  window  B) 


In  contrast  with  an  ammonia  discharge  analysed  in  the 
same  experimental  conditions,  no  NH^  emission  band 
was  detected  and  the  nitrogen  emission  bands  are  very- 
low. 

On  the  other  hand,  preliminary-  analysis  of  an  ammonia 
discharge  [4]  allowed  to  point  out  by  LIF  (Laser 
Induced  Fluorescence)  that  the  reaction  NH^-NH  is 
strongly  favoured.  But  no  induced  fluorescence  signal 
corresponding  of  NH(A)  state  was  remarked  in  SiH4- 
NH3  mi.xture. 

Emission  spectra  and  actinometry-  measurements  have 
informed  us  that  in  presence  of  silane,  the  anunonia 
dissociation  is  not  inhibited  and  the  tail  of  the  EEDF  is 
not  perturbed. 

These  results  suggest  that  the  anunonia  products  (NH 
and  NH2  radicals)  are  very-  reactive  in  presence  of  Si^Hy 
or  SixHyNj;.  In  order  to  establish  correlations  between 
ammonia  and  silane  dissociation  products, 
experimental  conditions  (total  and  partial  pressures, 
electric  incident  power)  were  drastically  modified. 


4.  Results  and  discussions 

In  figiue  2  we  present  the  evolution  along  the  reactor  of 
the  emission  intensities  corresponding  to  excited 
species  created  at  p  =  1  Torr  and  P  =  5  W. 
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--•-INH  -*-IH  -*-IH2  -K-INH2 


-*-INH  -B-IH  -^IH2 
-K-ISiN  ISiH  ^«^INH2 


%SiH4 

Fig.  2.  Emission  intensities 
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It  is  interesting  to  remark  that  the  SiN  and  SiH  radicals 
are  detected  only  in  the  reactor  exit  (window  B).  On  the 
other  hand,  the  NH;  bands  appear  only  for  the  low 
SiH*  partial  pressures  (<5%)  and  SiN  radical  creation 
is  also  favoured  in  the  same  experimental  conditions. 

All  experimental  results  suggest  that  the  SiN  radical  is 
a  dissociation  product  of  the  SixHyN2  neutral  or  radical 
species.  In  go^  agreement  with  the  theoretical  model 
[3],  the  deposition  seems  to  be  favoured  for  low 
energetic  discharge  and  low  SiH*  partial  pressure. 


5.  Perspectives 

The  selective  creation  of  the  NH:  radical  by 
photodissociation  will  permit  to  study  the  SiH*-NH; 
reaction  (with  and  without  discharge).  The  electric 
characteristics  will  be  correlated  with  the  deposition 
rate  and  the  a.SiH(N)  film  composition. 
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Elements  of  micron  and 
submicron  size  are  widely  used 
now  for  production  of  computer 
integral  systems,  high-frequen¬ 
cy  techniques,  TV-communication 
systems.  Such  elements  usually 
are  obtained  due  to  precision 
plasmachemical  etching  in  the 
E-  and  Cl-media.  But  most  of 
plasmachemical  reactors  (PChR) 
has  ion  energy  greater  then 
200-300  eV  and  receipt  of  sub¬ 
micron  sizes  on  them  is  not  po¬ 
ssible  due  to  small  stability 
of  resistive  protective  masks, 
essential  overcoating  of  mate¬ 
rials,  small  selection  and  ani¬ 
sotropy  of  etching,  considerab¬ 
le  radiation  damages. 

We  have  created  PChR  with 
the  possibility  of  ion  energy 
control  from  50  eV  up  to  500  eV 
and  more  [1,2].  In  the  main 
working  regime  the  ion  energy 
is  regulated  in  the  range 
50-150  eV.  It  is  shown  the  et¬ 
ching  velocity  of  A1  films  is 

0,5  |im  /min  at  the  anisot¬ 
ropy  coefficient  q  >  7  and  the 
etching  selection  relatively 
Si~  20  and  he  size  of  elements 


are  nearly  0,3  -  0,5  |lm. 

These  results  are  obtai¬ 
ned  due  to  utilization  in  PChR 
crossed  magnetic  and  HP  elect¬ 
ric  fields.  The  pressure  of 

working  gases  in  the  chamber 
.  -1 

IS  10  -  10  mm  Hg.col.  One  of 

the  electrodes  is  cooled  tri¬ 
hedral  prism  with  the  size 
110  X  340  mm.  On  this  prism 
specimens  are  situated  and  HP 
voltage  with  the  frequency 
13,56  MHz  is  applied.  The  se¬ 
cond  electrode  is  cooled  cyli¬ 
ndrical  case  of  the  plant. 

Mass-spectrometric  and 
spectroscopic  investigations 
of  the  plasma  show  that  the  mo 
lecule  dissociation  is  very 
effective,  -  SP^  dissociates 
up  to  S  and  CCl^  up  to  atomic 
C  (during  this  process  all  in¬ 
termediate  molecules  are  obse¬ 
rved:  SP^,  SP_^,  SP^,  SP^,  SP  ; 
GCl^,  CClg,  CCl). 

We  have  the  possibility 
to  obtain  sufficiently  large 
due  to  high  efficiency  of 
the  molecules  dissociation  and 
atoms  ionization.  The  low  ions 
energy  allows  to  obtain  a  good 
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selection  respectively  the 
resistive  masks  and  substrates, 
high  anisotropy  q  >  7,  and  to 
avoid  of  radiation  damages  and 
to  exclude  the  interlayer  hafp. 

To  summarize, it  is  created 
the  technology  of  etching  of 
films  from  Al,  Au,  W,  Mo,  Ti 
and  others  with  the  elements  of 
submicron  size  (the  size  of  the 
superhigh  frequency  tranzistor 
is  ~  0,3  |lm  with  the  depth  up 
to  0,6  |lm)  [2,3].  Silicon  pil¬ 
lars  with  the  diameter  0,1  mm 
and  the  height  up  to  0,5  [im  are 
obtained.  The  velocity  of  the 
silicon  etching  is  0,6  |im  /min 
for  the  anisotropic  case  and 
1  p,m/rain  for  the  isotropic  case, 
when  9  plates  are  loaded  (the 
diameter  of  each  plate  is 
1 00  mm ) . 
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Introduction 

In  order  to  develop  plasma  techniques  on  an 
industrial  scale,  the  surface  modifications  should  be 
stable  with  time. 

The  exposure  of  polymer  surfaces  to  ionic  and 
metastable  species  of  inert  gases  was  shown  to  lead  to 
the  format.on  of  a  cross-linked  layer  with  high  cohesive 
strength,  which  isolates  the  bulk  of  the  material.  The 
layer  formed  by  cross-linking  renders  the  surface 
characteristics,  obtained  by  introduction  of  functional 
groups,  stable  against  ageing  and  would  be  indicated 
for  further  applications. 

Actually,  the  obtention  of  treated  materials  for 
biomedical  applications  is  of  great  interest.  For  this 
purpose  the  plasma  technique  is  a  versatile  means  to 
improve  the  blood  compatibility  of  a  polymer,  by 
modifying  the  surface  properties  without  affecting  the 
bulk  properties. 

Blood  compatibility  means  that  a  foreign  surface 
in  contact  with  blood  should  not  induce  adverse 
responses.  An  adequate  value  for  the  interfacial  tension 
of  blood-biomaterial  can  be  established  by  taking  into 
account  the  high  compatibility  degree  and  the 
interfacial  stability  of  cellular  elements  with  blood- 
plasma.  The  medium-cell  interfacial  tension  is  Ysi  =  1  - 
3  mN/m.  Thus  it  seems  reasonable  to  consider  that  a 
good  compatibility  with  a  foreign  surface  and  a 
mechanical  stability  of  this  interface  can  be  insured 
when  the  interfacial  tension  of  blood-biomaterial  is  in 
this  range  [1]. 

Poly(ethylene  terephtalate  (PET)  has  several 
desirable  properties  for  blood  contact  applications,  like 
good  mechanical  strength,  chemical  inertness  to  blood 
components  and  nontoxicity.  In  order  to  improve  the 
blood  compatibility  of  this  material,  any  technique  that 
increase  the  polar  component  of  the  surface  energy, 
without  affecting  the  material  physico-mechanical 
characteristics,  is  of  interest.  The  surface 
functionalization  must  also  be  stable  in  time,  to  prevent 
the  ageing  effect,  which  limits  the  practical  uses  of  the 
treated  polymer  surfaces. 

Experimental 

The  effect  of  a  He-CK  mixture  on  PET  25  p  films 
was  performed  using  a  corona-like  discharge. 

The  experimental  set-up  consists  mainly  of  an 
electric  generator  which  supplies  high  tension  pulses.  A 
plasma  beam  is  produced  by  ionization  of  the  gas  which 
is  flowing  in  a  glass  tub  at  rather  high  pressure.  The 
plasma  beam  thus  formed,  about  2  mm  in  diameter  and 
2-3  cm  in  length,  allows  for  local  surface  treatment. 


The  discharge  is  a  negative  corona  type. 

The  treatment  conditions  were:  gas  pressure 
about  lO’  Pa,  gas  flow  rates  96,  144  and  180  seem. 
Treatment  times  were  5  s  and  30  s. 

Different  diagnostics  allowed  for  plasma 
properties  characterization  and  their  correlation  with 
the  energetic  and  functional  surface  characteristics. 
Emission  spectroscopy  was  used  in  order  to 
characterize  the  plasma  properties.  Resulting 
modifications  were  analyzed  via  contact  angle 
measurements  and  XPS  technique. 

Results  and  discussions 

An  evaluation  of  the  electronic  density  in  our 
discharge,  by  taking  into  account  the  current  that  flows 
in  the  discharge  and  the  electric  field,  gives  a  mean 
value  of  about  lO’  cm‘^,  while  the  peak  value  (during 
the  pulse)  is  of  about  10’°  cm'^. 

The  spectroscopic  study  of  the  discharge  allowed 
us  to  identify  the  excited  species  in  the  discharge. 
Among  these  species,  excited  oxygen  is  particularly 
important,  being  an  extremely  reactive  component  at 
the  polymeric  surface. 

The  468.5  nm  emission  line  of  ionized  He  was 
detected  in  the  discharge.  The  observed  species  has  an 
excitation  energy  of  50.2  eV.  This  fact  indicates  that 
very  energetic  electrons  are  present  in  our  discharge, 
because  even  a  two  step  ionization  process  necessitates 
high  energies,  which  are  not  available  in  ordinary 
discharges  used  for  materials  processing  (glow  or  RF), 
especially  in  presence  of  impurities.  The  ionic  He 
species  represents,  beside  the  metastable  ones,  an 
important  agent  of  cross-linking  of  the  polymeric 
surface,  due  its  high  energy  available  for  direct  transfer. 

An  estimation  of  the  electron  energy  available  in 
the  discharge  was  done  following  the  ratio  of  the  ion  to 
atom  lines  intensities.  A  decrease  in  this  energy  with 
increasing  gas  flow  rate  is  shown  by  the  experimental 
data  (Figure  1).  This  behaviour  suggests  a  decrease  in 
the  electric  field  at  higher  gas  flow  rates.  It  might  also 
be  due  to  the  shift  of  the  high  energies  EEDF  tail  to 
lower  energies  in  presence  of  increased  amounts  of 
oxygen  which  attach  electrons  with  high  efficiency. 

This  type  of  discharge  induces  important  surface 
modifications. 

The  surface  functionalization  is  emphasized  by 
the  decrease  of  the  measured  contact  angle  of  water  on 
treated  samples  as  compared  with  the  untreated 
substrate.  Values  obtained  as  a  result  of  He-Oi 
discharge  treatment  show  an  appreciable  increasing  in 
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the  polar  component  of  the  energy  y/  and  the 
interfacial  work  of  adhesion,  even  for  short  treatment 
times  (t  =  5  s). 


o.ce 


formes  on  a  reinforced  cross-linked  layer.  Formation  of 
such  a  layer  occurs  even  for  treatment  times  of  the 
order  of  a  few  seconds. 
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Figure  1.  Ion  to  atom  lines  emission  intensities  ratio 
vs.  gas  flow  rate. 


Figure  3.  Polar  component  of  the  surface  energy  as 
function  of  the  ageing  time  (Q  =  144  seem,  t  =  30  s). 


The  surface  treatment  of  PET  reduces  the 
dispersive  component  of  the  surface  energy  y/  as 
compared  with  untreated  PET. 

With  increasing  gas  flow  rate  a  saturation  for 
the  values  of  the  surface  energy  arises,  these  are  no 
longer  depending  on  the  treatment  time. 
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Figure  2.  Water  contact  angle  for  treated  PET 
(the  value  for  untreated  PET  :  80°). 

The  evolution  of  the  surface  properties  with  the 
ageing  time  was  studied  by  contact  angle  measurements 
made  up  to  10  days  after  the  treatment.  A  good  stability 
for  y/  is  obtained  for  both  short  (t  =  5s)  and  long  (t  = 
30s)  treatment  times.  Measurements  showed  practically 
no  ageing  with  time  (Figure  3).  However,  better 
stability  is  obtained  for  longer  treatment  times,  and  also 
for  lower  gas  flow  rates. 

The  surface  analysis  by  XPS  stood  out  the 
surface  functionalization  by  introduction  of  oxigenated 
groups.  The  oxygen  content  of  the  treated  PET  surface 
is  about  2  times  larger  than  that  of  the  untreated 
sample.  Longer  treatments  times  seem  to  allow  for 
'‘saturation”  of  all  reactive  sites  on  the  surface  by 
reactions  with  oxygen  species. 

The  two  competitive  processes  which  are  taking 
place  on  the  PET  surface  are  cross-linking  under  the 
action  of  the  inert  gas  and  chain  breaking  and  surface 
oxygenation  under  the  action  of  the  oxygen  species. 
The  stability  of  the  treated  surface  suggests  that  in  our 
treatment  conditions  the  oxidized  polymeric  structure 


Preliminary  studies  on  the  improvement  of  the 
He-Cb  treated  PET  compatibility  with  blood  were 
realized  by  contact  angle  measurements. 

An  evaluation  of  the  surface  energy  data  leads 
to  the  conclusion  that  the  He-02  treatment  of  PET 
materials  can  modify  the  surface  energy  components  so 
that  the  interfacial  tension  PET  film  -  blood  is  in  the 
zone  of  biocompatibility  (1  -  3  mN/m)  (Figure  4). 
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Figure  4.  Surface  energy  components  and  interfacial 
tension  for  treated  PET  (t  =  30  s). 

This  aspect,  correlated  with  the  very  good 
surface  stability,  makes  this  type  of  treatment  useful  for 
practical  applications. 

The  authors  would  like  to  acknowledge  the  Laboratory  of 
Plasma  Processing,  Paris  VT  for  support  in  recording  the  XPS 
spectra. 
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Microwave  plasma  assisted  chemical  vapour 
deposition  is  widely  used  for  the  growth  of  diamond 
films.  Among  the  parameters  that  can  affect  the  process 
the  total  gas  pressure  is  an  important  one.  It  is  known 
that  at  high  pressure  the  discharge  is  a  small  plasma 
ball  situated  just  above  the  substrate  holder,  without 
contact  with  the  wall  of  the  reactor  and  the  carbon  film 
is  made  of  diamond  [1].  At  low  pressure  the  discharge 
take  up  a  larger  volume,  limited  by  the  wall  of  the 
reactor  (quartz  tube)  and  the  deposited  film  is  made  of 
graphite.  We  will  point  out,  using  dynamic 
actinometry,  that  the  plasma  chemistry  in  the  gas  phase 
as  well  as  in  the  plasmas-film  system  is  also  modified 
by  the  pressure  change. 

The  experimental  device  has  been  described 
elsewhere  [2]  and  for  each  experiment  a  diamond  fihn  of 
standard  quiily  is  present  on  the  substrate  holder  in 
the  microwave  discharge.  The  gas  mixtures  sustaining 
the  discharge  are  :  98.6%H2  -  0.4%CH4  -  1%N2  at  1.5 
torr  and  98%H2  -  1%CH4  -  1%N2  at  60  tons.  The 
dynamic  acrinometry  [3]  consists  in  the  study  of  the 
evolution  with  time  of  the  relative  concentration  cf 
some  species  after  one  of  the  gas  lines  feeding  the 
reactor  (CH4  or  N:  )  has  been  cut  off.  The  evolution  cf 
[H],  [CH]  and  [CN]  are  shown  respectively  on  figures 
1,  2  and  3  at  1.5  torr  and  on  figures  4,  5  and  6  at  60 
tons. 

At  low  pressure  the  cut  cff  of  nitrogen  in  the  gas 
mixture  induces  a  decrease  of  the  concentration  of 
atomic  hydrogen  (fig  la).  We  can  speculate  that 
vibration^  excited  states  of  nitrogen,  as  they  have  a 
sufficiently  high  energy,  can  promote  the  dissociation 
of  the  hydrogen  molecule.  After  methane  cut  off  [H] 
increases  sharply  and  after  1  minute  remains  constant 
with  a  value  40%  higher  than  its  initial  value.  We  have 
already  observed  [4],  that  at  low  pressure  the 
introduction  of  methane  in  the  discharge  induces  a 
sharp  decrease  in  the  electronic  density.  The 
eUmination  of  methane  from  the  discharge  can  thus  be 
responsible  of  an  increase  of  the  density  of  electrons 
and,  as  electronic  collisions  is  the  main  process  for 
atomic  hydrogen  production,  of  an  increase  of  pi]. 

At  high  pressure  (fig  4)  the  evolution  of  [H]  is 
different.  The  atomic  hydrogen  concentration  increases 
(15%)  after  nitrogen  cut  off  and  decreases  after  methane 
cut  off.  In  this  case  the  effect  of  the  gas  mixture  changes 
on  the  electronic  density  is  not  so  drastic  and  chemical 
effects  are  more  important  than  direct  electron  collisions 
in  the  process. 

The  relative  concentration  of  the  CH  radical  after  cut 
off  of  nitrogen  increase  sharply  and  then  stays  constant 
(fig  2a  and  5a).  The  atomic  nitrogen  reacts  with 
carbonated  species  such  as  CH  in  order  to  produce  CN, 
which  is  more  strongly  bound.  Introducing  nitrogen  in 
the  discharge  results  in  a  decrease  of  the  relative 
concentration  of  carbon  deposition  precursors.  After  the 


cut  off  of  methane,  [CH]  decreases  sharply  but, 
depending  on  the  pressure,  it  vanishes  (fig.  5b)  at  high 
pressirre,  but  stays  constant  at  40%  of  its  initial  value 
at  low  pressirre  (fig  2b).  Even  if  no  gaseous  carbon 
source  is  present  in  the  reactor,  CH  can  be  produced  by 
interaction  of  H  with  carbon  films.  At  high  pressure  tie 
plasma  is  close  to  the  diamond  film  and  6r  from  the 
walls,  as  H  is  not  an  etchant  of  diamond  the  production 
of  CH  vanishes.  At  low  pressure  the  plasma  can 
interact  with  the  walls  of  the  reactor  where  non 
diamond  carbon  is  unvoluntary  deposited,  which  is 
etched  by  H  to  produce  CH. 

After  tie  cut  off  of  nitrogen,  the  relative  concentration 
of  CN  decreases  sharply  and  vanishes  (Fig.  3a  and  6a). 
This  result  shows  that  N  or  CN  are  not  present  on  the 
carbon  film ;  adsorption  or  incorporation  of  nitrogen  in 
the  film  is  thus  not  detectable. 

After  the  cut  off  of  methane,  [CN]  decreases  sharply 
and  then  remains  constant.  Thus  CN  results  both  of 
interactions  of  nitrogen  with  carbonated  species  in  the 
gas  phase  and  of  the  etching  of  the  carbon  films  by 
nitrogen.  Contrary  to  Itydrogen,  nitrogen  can  etch  both 
diamond  and  non  diamond  phases. 

In  order  to  prove  our  assumptions  concerning  the 
production  of  carbonated  species  without  methane  in 
the  discharge  by  plasma-surface  interactions,  we  have 
carried  out  an  experiment  at  60  tons,  after  the  cut-off  cf 
methane,  and  after  removing  the  substrate  holder  out  of 
the  discharge  (Fig  6c).  In  this  case  neither  gaseous  nor 
solid  sources  of  carbon  are  present  in  the  device.  In  this 
case  the  CN  concentration  decreases  sharply  during  two 
minutes,  corresponding  to  the-  elimination  of  the 
methane,  the  decrease  is  slow  during  10  minutes 
corresponding  to  the  elimination  of  solid  carbon 
pollution  in  the  reactor  and  then  vanishes. 

The  dynamic  actinometry  is  complementary  to  other 
diagnostics  methods  and  allows  us  to  point  out  the 
participation  of  plasma  surface  interactions  in  the 
production  of  some  species,  leading  to  a  better 
knowledge  of  the  global  process  of  diamond 
deposition. 
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Fig  1 ;  Evolution  with  time  of  [H]  after  cut  off  of 
a)  nitrogen  b)  methane  at  1.5  torr. 
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Fig  4:  Evolution  with  time  of  [H]  after  cut  off  of 
a)  nitrogen  b)  methane  at  60  torr 


Fig  2:  Evolution  with  time  of  [CH]  after  cut  off  of 
a)  nitrogen  b)  methane  at  1.5  torr. 
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Fig  5:  Evolution  with  time  of  [CH]  after  cut  off  of 
a)  nitrogen  b)  methane  at  60  torr 


Fig  3 ;  Evolution  with  time  of  [CN]  after  cut  off  of 
a)  nitrogen  b)  methane  at  1.5  torr 
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Fig  6;  Evolution  with  time  of  [CN]  after  cut  off  of 
a)  nitrogen  b)  methane  with  substrate  c)methane  without 
substrate  at  60  torr. 
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1.  Introduction 

The  need  for  rapid  and  large  area  wafer  processing  in 
the  semiconductor  industry  has  increased  the  interest  in 
high  density  plasma  sources  and  particularly  in  the 
inductively  coupled  plasma  (ICP)  reactors.  To  fully 
exploit  the  possibilities  in  these  reactors,  of 
independent  control  of  plasma  generation  and  wafer 
biasing,  we  need  to  understand  how  ions  are  formed 
and  how  they  gain  energy  before  impinging  on  the 
wafer  surface. 

In  this  work,  we  used  the  Doppler-Shifted-Laser- 
Induced-Fluorescence  (DSLIF)  technique  to  study  the 
spatial  evolution  of  the  velocity  distribution  function 
lydf)  of  the  Ar‘^*(^G9/2)  metastable  ions  in  an  ICP  device 
[1,2].  Both  vdf  parallel,  y(v//),  and  perpendicular,  y(vx), 
to  the  top  glass  plate  have  been  determined.  Space 
resolved  emission  spectroscopy  is  used  to  understand 
the  excitation  mechanisms  of  the  excited  states  of  argon 
ion.  The  space  dependent  electron  density  and 
temperature  have  also  been  obtained  with  a  movable 
Langmuir  probe.  The  experimental  results  are 
compared  with  a  global  model  (for  n,  and  T^)  and  a 
Monte  Carlo  model  (for  velocity  distribution  function). 

2.  Experimental  set-up 

Figure  1  shows  a  schematic  diagram  of  the  plasma 
reactor.  The  3  turn,  (jr=\0  cm,  inductive  coil  is  located 
below  a  12  nun  thick  quartz  window  and  is  powered  at 
13.56  MHz  with  a  2  kW  RF  generator  through  an  L- 
type  capacitive  matching  network.  The  RF  power 


Fig.  1.  Schematic  of  the  ICP  reactor. 


dissipated  in  the  plasma  is  estimated  from  the  removal 
of  the  power  absorbed  in  matching  network/power 
cable  [3].  The  plasma  volume  is  limited  by  a  ^  15  cm, 
/  =3.8  cm  Pyrex  cylindrical  bucket  and  a  top  glass 
plate.  For  the  DSLDF  measurements  we  use  a 
continuous  wave  single  mode  Ar*-pumped  dye  laser  to 
excite  the  transition  in  Ar^  (4p'  ^F®7/2<—  3d'  ^Ggri)  at 
611.49  nm.  The  LIF  signal,  at  460.96  nm,  is  collected, 
with  a  combination  of  lens,  ^1  mm  optical  fiber, 
monochromator  and  PMT.  The  space  resolution  of  the 
observed  volume  is  therefore  ±0.5  mm  in  both  axial  and 
radial  directions.  The  vdf  profile  is  obtained  by  tuning 
the  laser  frequency  and  recording  the  LIF  signal. 

3.  Results  and  discussion 

Given  the  600  K  gas  temperature,  measured  from  the 
Doppler  width  of  an  absorption  line  of  the  argon 
metastable  atoms,  for  pAr^5  Pa  the  mean  free  path  of 
the  electrons  for  inelastic  collisions  is  larger  than  the 
high  of  the  plasma  column.  Consequently,  the  electron 
temperature,  Te  will  be  homogeneous  within  the  plasma 
volume.  Our  probe  measurements  show  that  in  fact  T, 
is  constant  along  the  reactor  axis.  This  is  also 
confirmed  by  the  space  dependence  of  the  emission 
intensity  which  follows  the  variation  of  the  electron 
density  (Fig.  2).  The  measured  values  of  T.  and  n,  are 
in  quite  good  agreement  with  those  calculated  by  the 
‘global  model’  [3]  for  our  experimental  conditions. 


Distance  from  glass  plate  (mm) 

Fig.  2.  n,  (square)  and  emission  intensity  of  Ar  750  nm 
line  (circle)  vs  distance  from  the  glass  plate. 
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Energy  (eV) 


ion  velocity  (km/s) 

Fig.  3.  Velocity  distribution  function  of  the  Ar^*(^G9/2) 
ions  at  different  distances  from  the  glass  plate  at  5  (solid 
circle)  and  40  (hollow  square)  mTorr.  All  profiles  are 
norm^ised  to  the  unity.  The  five  upper  pair  of  curves 
are  relative  to  the  velocity  component  along  the  reactor 
axis,  y(vx),  and  the  lowest  curve  corresponds  to  the 
component  parallel,  y(v//),  to  the  glass  plate. 

Representative  y(vi)  distributions  of  argon  metastable 
ions  are  shown  in  figure  3  for  p=5  and  40  mTorr  at 
different  distances,  d,  from  the  top  glass  plate.  Also 
shown  is  the  y(v//)  at  5  mTorr  and  d=12  mm.  We 
observe  that  the  Jlyi!)  profile  is  symmetrical  regarding 
the  zero  velocity  and  has  almost  a  Gaussian  shape, 
which  can  be  expressed  in  terms  of  a  temperature  T//. 
On  the  contrary,  for  both  pressures,  fiyx)  profiles  can 
not  be  fitted  with  a  Gaussian.  The  shift  to  higher 
velocity  of  7(vx)  when  approaching  the  glass  plate 
results  from  the  acceleration  of  the  ions  by  the  electric 
field  of  the  presheath.  Considering  the  large  cross- 
section,  CT=  1.1  10  '“'  cm^  for  the  quenching  of 
Ar^’(^G9/2)  metastable  ions  by  argon  atoms  [4],  the 
mean  fi'ee  path  of  these  ions  will  be  12  and  1.5  mm  at  5 
and  40  mTorr,  respectively.  We  therefore  can  conclude 
that,  particularly  at  40  mTorr,  the  Ar^‘(^G9/2) 
metastable  ions  we  detect  by  DSLIF  are  not  those 
formed  outside  the  presheath  and  accelerated  within  it, 
but  are  produced  by  electron  impact,  a  few  mm  before 
their  respective  observation  points.  If  the  main 
mechanism  for  population  of  the  Ar**(^G9/2)  metastable 
state  was  direct  ionisation  of  the  neutral  atoms  we 
should  observe  a  large  zero  velocity  component  in  all 
vdfs  and  particularly  those  recorded  close  to  the  glass 
plate.  It  is  obvious  that  in  our  high  electron  density 
conditions,  the  Ar^'(^G9/2)  level  is  mainly  populated  by 
electron  impact  excitation  of  ground  state  argon  ions. 
These  ions  have  already  gained  kinetic  energy  by  being 


Distance  from  glass  plate  (mm) 

Fig.  4.  Normalised  emission  intensity  of  Ar,  750  run 
(circle),  and  Ar*  ,  461  nm  (square)  lines,  vs  the 
distance  from  the  glass  plate,  (triangle)  square  root  of 
the  461  nm  line  intensity. 

accelerated  by  the  ambipolar  E-field  of  the  presheath 
and  their  velocity  is  totally  conserved  during  electron 
impact  excitation  of  the  ion. 

The  fact  that  the  excited  states  of  argon  ion  are  formed 
from  the  ground  state  Ar*  ions  is  confirmed  from  the 
space  dependence  of  the  emission  intensity  of  the  461 
nm  ionic  line  (Fig.  4).  As  pointed  out  before,  the 
emission  profile  of  the  750  nm  atomic  line  correspKjnds 
exactly  to  the  profile  of  the  electron  density  along  the 
reactor  axis.  Fig.  4.  shows  that  in  fact,  the  intensity  of 
the  461  nm  ionic  line  evolves  proportional  to  the  square 
of  the  electron  density. 

A  3D  Monte  Carlo  model  is  developed  to  investigate 
the  relation  between  the  vdf  of  the  ground  state  and 
metastable  ions.  The  axial  (z)  dependent  vdf  of  the 
ground  state  ions  is  calculated  by  assuming  known  Pat, 
n,(z),  Te,  Ar*-Ar  charge  exchange  and  elastic  cross- 
sections  and  electric  field,  E(z),  deduced  from  iu(z)  by 
using  the  relation  E(z)=  9  [kT,  log(n<,)]/9z  .  Using  this 
vdf,  we  can  deduce  the  vdf  of  the  metastable  ions  by 
applying  the  same  technique  to  the  metastable  ions. 
These  ions  are  assumed  to  be  created  by  excitation  from 
ground  state  ions  and  are  quenched  by  collision  with 
neutrals  and  electrons  [4].  A  satisfactory  agreement  is 
observed  between  the  simulated  and  measured  velocity 
distribution  functions  of  the  Ar**(^G9/2)  ions. 
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Intensive  investigations  of 
stationary  electric  discharges 
with  homogeneously  evaporated 
anode  are  carried  out  now. These 
investigations  are  of  interest 
due  to  possibility  for  utiliza¬ 
tion  such  type  of  discharge  for 
vacuum  deposition  of  high-adhe¬ 
sive  thin  films  on  various  (me¬ 
tallic,  seraicondaotor  and  die¬ 
lectric)  substrates. 

Unlike  the  vacuum  arc,  the 
non-self-maintained  arc  discha¬ 
rge  in  the  anode  vapour  may  be 
realized  when  the  diffusion  cu¬ 
rrent  of  discharge  takes  place 
on  the  anode.  It  allows  to  cre¬ 
ate  dropless  high-adhesive  pla¬ 
sma  flows  of  metallic  vapour  in 
vacuum  and  different  gas  envi¬ 
ronment  [1-33. 

In  our  experiments  the  dis¬ 
charge  has  lighted  up  between 
the  thermionic  cathode  and  wa¬ 
ter-cooled  anode. Al,Cu,Ni, Or, Ti, 
Ta,Mo,B,C,W  are  imbedded  on  the 
anode  as  a  working  substance. 
Using  the  cylindrical  electrode 
and  electromagnetic  system  we 
have  the  possibility  for  crea¬ 
tion  the  transverse  electric 


and  magnetic  fields.  The  dis¬ 
charge  current  IjyiZ^^Q)  A, 
the  magnetic  field  induction 
B  ^  400  xl0~‘^  T.  Our  experi¬ 
ments  show  that  for  the  case 
when  the  current  of  thermoe- 
lectronic  emission  from  the 
cathode  exceeds  the  disc¬ 
harge  current  Ip,  the  current 
-voltage  characteristics  of 
the  discharge  may  be  presen¬ 
ted  in  the  form: 

V  /  Id  (U 

Where  Wp  is  the  discharge  po¬ 
wer,  and  Up  is  the  voltage  of 
discharge.  Theiroo emission 
characteristics  of  cathode 
essentially  influence  on  the 
discharge  shape  at  ^  Ip  , 
and  lead  to  the  appearenoe  of 
minimum  and  maximum  on  the 
curve  Up (Ip). 

In  the  regime  of  free 
burning  (I^>  Ip)  the  film  de¬ 
position  rate  q  has  linear 
dependence  on  the  discharged 
current  Ip,  i.e.  q  ~  Ip. 

In  the  regime  of  induced 
burning  (I^<  Ip)  we  obtained 
that  q=  A  Wp  ,  where  A  is  the 
constant.  For  example,  using 
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Cu  as  a  working  substance  we 
have  10^^  m/  s  at 

Wp<  300  W.  Data  presented  indi¬ 
cate  that  the  plasma  flow  at 
q  40  X  10“'’®  m/s  becomes 
charge-compensated  and  negative 
sound  potential  is  equil 
60  -5-  100  V.  The  external  magne¬ 
tic  field  leads  to  decreasing 
of  the  discharge  burning  volta¬ 
ge  and  to  increasing  plasma- 
flow  ionization  coefficient 
even  at  the  zero  potential  of 
the  cylindrical  electrode.  The 
ion  current  dependence  on  the 
induction  of  the  magnetic  field 
has  the  form  of  the  fluent 
curve  with  a  maximum  at 
B  <  100  X  10“"^  T.  Note  that  for 
the  case  B>100  x  10“'^  T  the  ion 
current  decreases  with  the 
growth  of  B,  i.e.  1/B.  It 
is  shown  that  plasma-flow  ioni¬ 
zation  coefficient  a  may  reach 
the  value  up  to  80%.  Thus  the 
data  presented  in  this  paper 
(  high  ionization  coefficient, 
charge-compensated  plasma  flow) 
demonstrate  the  perspective  of 
wide  practical  utilization  of 


such  type  of  discharge  for 
creation  of  thin  high-adhesi¬ 
ve  films. 
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1.  Introduction 

The  depletion  of  the  ozone  layer,  protecting  the  Earth 
against  the  harmful  UV  radiation,  by  VOC  (volantile 
organic  compounds)  is  a  very  actual  problem. 
Particularly  important  in  this  process  are 
chlorofluorocarbons  which  destroy  ozone  very 
effectively.  An  efficient  catalytic  reaction  of  freon 
CCI2F2  (CFC12),  one  of  the  chlorofluorocarbons,,  is 
initiated  in  the  lower  stratosphere  by  photons  with 
ozone.  Similar  processes,  but  initiated  by  electrons, 
have  been  observed  in  gas  discharges  [1],  [2],  [3].  As 
we  have  shown  earlier,  the  concentration  of  ozone 
produced  by  a  negative  corona  discharge  [4]  is  very 
sensitive  to  the  presence  of  freon  CFG  12  molecules  in 
oxygen  [5].  The  generation  of  ozone  was  substantially 
suppressed  whenever  the  concentration  of  CFG  12  in  the 
oxygen  was  above  1%.  The  present  paper  studies  the 
properties  of  the  negative  corona  discharge  in  air  + 
GFG12  mixtures  at  pressures  slightly  below  1  bar. 

2.  Experimental  apparatus 

A  system  of  coaxial  cylindrical  electrodes  (  ro  =  0.05 
mm,  R  =  7.5  mm,  L  =  40  mm  )  was  placed  in  a  glass 
discharge  tube  ended  by  quartz  windows.  A  UV  light 
beam  passing  along  the  axis  of  the  discharge  gap 
allows  us  to  measure  the  time  dependence  of  the  ozone 
concentration  in  the  discharge  tube.  The  time 
dependence  of  the  ozone  concentration  as  well  as  the 
corresponding  current  values  at  constant  voltage  on  the 
electrodes  have  been  recorded  by  on  line  PG  system. 
The  experiments  have  been  carried  out  in  the  air  + 
GFG12  mixtures  at  two  values  of  gas  pressure  800  and 
900  mbar  respectively.  The  concentrations  of  freon  in 
the  mixtures  were  changed  over  the  range  (0.1  -  2.0)  by 
volume  %  at  room  temperatures. 

3.  Experimental  results 

The  experiments  have  shovm  that  the  corona  onset 
potential  was  influenced  only  by  the  pressure  of  the 
gaseous  mixture.  The  content  of  the  freon  in  air  had  a 
conspicuous  influence  both  on  the  time  dependence  of 
ozone  concentration  as  well  as  on  the  time  dependence 
of  mean  corona  discharge  current.  As  we  have 


mentioned  earlier  [6],  the  so  called  relaxing  of  negative 
corona  current  [7],  observed  in  ambient  air,  is  caused 
by  the  ozone  generated  by  the  discharge  itself.  Veiy 
effective  attachment  of  free  electrons  by  ozone 
molecules  [8]  is  the  reason  for  the  observed  decrease  of 
the  mean  discharge  current  at  increasing  ozone  density. 
The  relation  between  ozone  density  and  the  mean 
discharge  current  in  the  clean  air  is  evident  from  the 
comparison  of  the  Fig.  la  and  lb  or  Fig.  2a  and  2b. 
Moreover,  the  effect  of  addition  of  freon  is  remarkable 
from  the  mentioned  dependencies.  It  must  be  noted  that 
the  pressure  of  the  gaseous  mixture  has  a  significant 
influence  on  the  effect  of  reduction  of  the  ozone 
concentration  at  increasing  freon  density  in  the 
mixture. 

4.  Discussion 

The  dominate  reaction  in  the  formation  of  ozone  is  the 
three  body  reaction 

O  +  Oj  +  A/->0^  +  A/  (1) 

The  oxygen  atoms  are  mostly  (more  than  90%) 
generated  via  the  direct  dissociation  of  molecular 
oxygen  by  electron  impact 

e  +  02->0  +  0  +  e  (2) 

The  rest  of  them  is  produced  via  the  dissociative 
attachment  of  electrons  by  oxygen  molecules 

s  +  O2  O  +0  (3) 

After  the  addition  of  freon  GFG12  into  the  clean  air  the 
similar  reactions  of  electrons  with  GFG12  molecules 
can  occur 

e  +  CCI2F2  — y  CCIF2  +  Cl  +  s  (4) 

e  +  CCI2F2  ->  CCIF2  +  cr  (5) 

Both  the  atomic  and  ionic  form  of  chlorine  are  active  in 
reduction  of  ozone  concentration.  Ghlorine  atoms 
undergo  predominantly  the  two  step  process 
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Cl  +  Oj^ClO  +  Oi  (6) 

ao+o^a+02  (7) 

which  can  be  repeated  many  times.  The  negative 
chlorine  ions  lose  the  electrons  in  a  very  fast 
detachment  process  [3] 

Cr  +  O^ClO  +  e  (8) 

The  chlorine  oxide  CIO  produced  by  reactions(7)  and 

(8)  reduces  the  density  of  oxygen  atoms  needed  for 
ozone  formation  via  the  reaction  (1).  As  it  follows  from 
our  simple  calculation  of  relative  densities  of  negative 
ions  and  oxygen  atoms  on  the  boundary  of  the 
ionisation  region  created  by  one  electron  starting  from 
the  cathode,  at  900  mbar  and  concoitration  of  freon  1% 
these  two  are  comparable.  We  suppose  that  presence  of 
the  freon  molecules  in  air  can  reduce  the  ozone 
production  via  the  reaction  (1).  The  densities  have  been 
calculated  by  the  use  of  data  for  electron  attachment 
reaction  (5)  given  by  [9]  and  [10]. At  lower  pressure  of 
the  mbrture  the  rate  of  production  of  ozone  by  (I)  is 
reduced  because  of  three  body  character  of  reaction. 
Thus  the  effect  of  freon  on  the  ozone  formation  can  be 
observed  at  lower  densities  of  freon.  This  is  in 
accordance  with  the  results  shown  in  Fig.  lb. 
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1.  Introduction 

Many  recent  woilcs  have  shown  the  great 
interest  of  supported  metal  aggregates  in 
heterogeneous  cat^ysis.  These  metal  objects  can 
exhibit  higher  activity  than  the  bulk  metal,  as  for 
example,  in  the  case  of  butadiene  hydrogenation 
catalyzed  by  palladium  [1,2],  At  present,  we  study  the 
synthesis  of  such  cat^ytic  systems  by  a  plasma 
process,  which  may  allow  to  get  rid  of  many  problems 
encountered  with  methods  commonly  used  as  :  long 
time  duration  and  organic  contamination  (liquid  phase 
methods),  heavy  UHV  technology  (atomic  beam 
deposition).  Compared  to  these  techniques,  the  plasma 
process  has  many  advantages  :  surface  preparation 
before  deposition  by  ion  bombardment  (cleaning  or 
nucleation  site  creation)  and  catalyst  postreatment 
before  reaction.  Oiur  aim  is  also  to  characterize  the 
metal  aggregates  or  layer  growth  mode  in  plasma 
process  in  order  to  compare  with  the  usually  observed 
ones. 

In  previous  work,  the  ability  to  synthesize  by 
plasma  continuous  Pd  layers  or  spaced-out  aggregates 
with  the  size  required  for  the  cat^ysis  application  has 
been  demonstrated[3].  First  catalytic  tests  are 
encouraging,  because  they  evidence  the  good  activity 
of  the  plasma  deposits,  close  to  what  is  found  with 
samples  realized  by  atomic  beam  deposition.  In  this 
paper  we  present  first  results  of  the  characterization  of 
the  deposition  plasma  as  well  as  the  main  features  of 
the  deposits. 


2.  Set  up  and  Plasma  characterization 

The  set  up  has  been  widely  describe  in 
reference  [4].  The  chamber  is  filled  with  argon  gas  in 
the  pressure  range,  1  to  100  mTorr.  The  inner 
excitation  antenna  is  connected  to  a  HF  (100  MHz) 
supply.  A  helicoidal  Pd  filament  is  set  in  the  middle 
and  is  negatively  biased  with  respect  to  the  plasma 
potential  so  that  the  Ar  ions  produced  in  the  antenna 
are  attracted  and  sputter  the  metal  wire.  In  deposition 
configuration,  the  substrate  is  located  several 
centimeters  away. 

For  plasma  study,  a  Langmuir  probe  is  placed 
instead  of  the  sample  holder.  The  current-voltage 
curves  has  been  recorded  at  the  substrate  position  at  1 
mTorr  and  100  mTorr  Ar  pressure.  The  values  of 


plasma  and  floating  potentials  (Vp  and  VO,  electron 
density  and  temperature  (N,  and  T^)  are  given  in  Table 
I :  they  do  not  depend  on  the  Pd  wire  bias  voltage. 


1  mTorr 

100  mTorr 

Vf(V) 

60 

90 

v„(V) 

80 

100 

kT,(eV) 

3-4 

2 

N,  10^' 
(at.cm‘^) 

6 

3 

Table  I :  current  plasma  parameters  of  the  discharge 

It  is  d)served  that  during  the  deposition 
process,  the  substrate  is  submitted  to  a  high  argon  ion 
flux.  Because  the  substrate  is  at  the  floating  potential, 
the  ion  energy  is  low  :  10  to  20  eV.  Nevertheless,  this 
flux  may  influence  the  growth  regime.  From  Table  I,  it 
also  appears  that  the  plasma  is  less  dense  and  hot  at 
the  substrate  position  along  the  experiment  main  avis, 
at  high  pressure.  This  is  related  to  the  ionization 
process  that  depends  on  the  gas  pressure  as  shown  in 
Fig.l,  where  the  Ar^  density  obtained  from  tl»c  ionic 
saturation  current  (Nsat)  is  presented  versus  the  axial 
position. 


Fig.  1 :  Ion  density  in  the  plasma  chamber. 


For  these  measurements  the  Pd  wire  has  been  removed 
from  the  chamber.  At  low  pressures  (ImTorr),  the 
electron  mean  free  path  is  large  and  then  the 
ionization  occur  in  a  large  volume.  Conversely,  at  100 
mTorr  a  lot  of  collisions  take  place,  and  the  ionization 
is  confined  in  the  antenna,  only  few  Ar  ions  can  to 
difiuse  in  the  chamber. 
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Po6it)an  (cm) 

Fig,  2  ;  Effects  of  the  biased(-350  V)  helicoidal  Pd 
wire  on  the  ion  density. 

In  Fig.2,  the  Ar^  concentration  variation  with 
the  position  is  given,  the  Pd  wire  being  placed  in  the 
chamber  and  biased  to  -350V.  Its  influence  on  the  Ar'^ 
concentration  is  well  seen,  and  only  deals  with  the 
filament  close  surroundings,  i.e.  does  not  reach  the 
substrate  position.  The  sharp  decrease  of  NAr^,  at  the 
wire  sides  is  due  to  its  attractive  effect  and  exists  at 
both  pressures.  However,  a  peak  is  visible  at  the  wire 
center  at  100  mTorr  that  does  not  exist  at  1  mTorr. 
This  is  due  to  the  presence  of  a  secondary  dc  discharge 
(observable  luminous  area)  inside  the  filament  at  high 
pressure  and  filament  bias  voltage.  This  auxiliary  dc 
plasma  has  been  evidenced  in  a  previous  work,  its 
creation  is  expected  to  follow  a  shifted  Paschen 
law[4].  From  emission  spectroscopy,  in  a  zone  close 
to  the  wire,  this  discharge  has  clearly  been  evidenced. 
Indeed,  above  50  mTorr  and  -200  V,  the  Pd  line 
emission  abruptly  increases  whereas  the  Ar  line 
intensity  remains  constant.  Regarding  to  the  Pd  and 
Ar  excitation  energies  (Ew=4.4  eV,  EAr=11.47eV),  this 
phenomenon  may  be  due  to  a  rise  of  the  excitation 
level  (electron  density  increase)  inside  the  Pd  wire 
when  the  secondary  discharge  occurs,  and/or  to  an 
enhancement  of  the  Pd  sputtering  process  not  only 
related  to  the  Pd  wire  voltage  but  also  to  the  large  Ar^ 
number  detected  in  the  wire  center.  The  sputtering 
efficiency  determines  the  deposition  rate,  which  can  be 
evaluated  fi'om  the  deposit  analysis. 


shape  and  diameter  firom  20  to  1000  A  depending  on 
the  experimental  conditions  :  Ar  pressure,  Pd  wire  bias 
and  deposition  time.  Owing  to  the  Pd  quantity,  these 
aggregates  are  jointed  or  spaced-out,  which  are  the 
requested  morphologies  for  catalysis  applications. 

A  firk  study  of  the  growth  mode  has  been 
carried  out  by  TEM.  Samples  tynthesized  with 
increasing  deposition  times  indicate  a  first  step  of 
nucleation  and  cluster  size  increase  followed  by 
coalescence.  From  RBS  (Rutherford  Bachscattcring 
Spectroscopy)  analysis  results  the  deposition  rates 
have  been  found  to  range  from  0.5  to  60  layers/mn. 

It  is  interesting  to  note  that  the  samples 
synthesized  in  experimental  conditions  leading  to  the 
creation  of  the  auxiliary  plasma  exhibit  quite  large 
deposition  rates.  Moreover,  in  these  samples,  the 
coalescence  stage  begins  very  early  in  times.  Both 
trends  confirm  the  hypothesis  of  an  enhancement  of 
the  Pd  sputtering  process  when  the  secondary 
discharge  is  created  inside  the  Pd  wire.  Further  work 
is  under  way  to  precisely  characterize  this  discharge 
and  to  closely  study  the  deposit  features  depending  of 
the  Ar  pressure  and  the  Pd  filament  bias  voltage. 
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3.  Deposit  analyses 

Number  of  analyses  have  performed  on  the 
deposits  in  order  to  determine  their  main  features  such 
as  :  chemical  purity,  cristallinity,  morphology  and  Pd 
amount.  From  XPS  (Xray  Photoelectron  Spectroscopy) 
analysis,  metallic  Pd  (Pd-Pd  bound)  has  b^n  detected 
but  no  oxide  or  oxygen  contamination  have  been 
evidenced,  which  is  of  great  importance  for  catalysis 
application.  GIXD  (Grazing  Incidence  Xray 
Diffraction)  experiments  show  that  the  deposits  are 
polycrystalline  with  no  preferential  orientation.  STM 
(Scanning  Tunneling  Microscopy)  and  TEM 
(Transmission  Electron  Microscopy)  observations 
evidence  the  presence  of  Pd  aggregates  with  spherical 
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1.  Introduction 

This  work  has  been  carried  out  in  connection  with  the 
possibilities  to  deposit  carbon  nitride  materials  by 
Expansion  Thermal  Plasma  Assisted  Chemical  Vapour 
Deposition  (ETP-A-CVD).  With  the  same  technique 
high  deposition  rates  and  good  quality  a-Si:H  and  a- 
C:H  materials  have  been  obtained  [1].  A  study  of  the 
intensity  of  atomic  lines  and  molecular  bands  in  a 
Ar/N2  and  Ar/N2/C2H2  expanding  thermal  plasma  has 
been  performed.  In  the  case  of  the  A1/N2/C2U2  mixture 
rotational  and  vibrational  temperatures  were  obtained 
by  comparing  computer  simulated  spectra  of  the 
CN(  B^S-X^Z,  Av=0)  spectral  system  bands  with  the 
experimental  spectra.  Details  on  this  computer 
procedure  are  given  in  [2].'  The  CN  ground  state 
density  is  determined  by  taking  into  account  the  self¬ 
absorption  of  the  CN  bands. 

2.  Experimental 

The  experimental  set-up  has  been  described  in  detail 
elsewhere  [1].  It  consists  mainly  of  an  arc  plasma 
generated  in  a  flowing  gas  between  three  cathodes  and 
a  nozzle  and  stabilised  at  wall  by  a  cascade  of  cooled 
plates.  The  power  injected  in  the  arc  can  be  varied  in 
the  range  0.6-5  kW.  Gas  fluxes  up  to  a  few  hundred  of 
sees  can  be  handled  in  the  arc  channel.  The  plasma 
expands  in  a  vacuumed  vessel  (diameter  0.4  m,  length 

1.2  m).  Additional  gases  can  be  added  to  the  plasma 
directly  in  the  main  flow  before  the  discharge,  or  in  the 
middle  arc  chaimel,  or  injected  some  centimetres 
downstream  the  nozzle.The  spectra  have  been  recorded 
in  the  spectral  range  350-650  nm  by  a  spectral  system 
consisting  of  a  photomultiplier  (Hamamatsu  R  268)  and 
a  monochromator  (Jobin  Yvon  THR  1000)  working  in 
the  photon  counting  mode. 

The  conditions  under  which  the  experiments  have  been 
performed  are:  arc  current  75  A,  arc  pressure  0.3-0. 5 
bar,  background  pressure  0.25  mbar,  with  two  mixtures 
of  gases: 

a)  Ar/  N2  at  fluxes  of  95/5  sees  with  addition  of  N2  in 
the  main  flow. 


b)  Ar/N2/C2H2  at  fluxes  95/5/2  sees,  with  nitrogen 
added  in  the  main  flow  and  C2H2  added  in  expansion 
through  an  injection  ring. 

The  spectra  have  been  recorded  in  expansion  at  two 
positions  along  the  flowing  axis: 

1)  In  the  mixing  zone,  at  7  cm  from  the  arc  nozzle,  2 
centimetres  downstream  the  injection  point, 

2)  In  the  deposition  zone  at  62  centimetres  from  the  arc 
nozzle. 

3.  Results 

3.1  Ar/N2  plasma 

a)  The  addition  of  nitrogen  in  the  main  gas  flow 
produces  a  strong  quenching  of  the  plasma  emission  as 
comparing  to  the  pure  argon  plasma.  The  spectra 
recorded  near  the  nozzle  (Fig  la)  are  dominated  by 
Ar  neutral  lines.  The  molecular  nitrogen  emission  is 
present  as  well,  the  N2''  FNS  spectral  system  and  N2 
SPS  spectral  system  bands  having  almost  the  same 
magnitude;  however  their  intensity  is  only  a  few 
percent  of  the  intensity  of  Ar  lines. 

b)  For  the  same  plasma  settings,  the  spectrum  recorded 
in  the  deposition  region  (Fig.  lb)  is  dominated  by  the 
molecular  bands  of  the  ionic  molecular  nitrogen  (™S); 
the  SPS  bands  of  N2  are  still  present  but  in  much  lower 
measure.  The  Ar  lines  are  hardly  observed. 

3.2  Ar/N2/C2H2  plasma 

a)  In  this  case  for  the  spectra  recorded  in  the  mixing 
zone  the  bands  spectrum  is  much  stronger  than  the  line 
spectram  (Fig  2a).  The  CH(A^A-X^n)  and  CH(B^A- 
X^rt,  Av=0  with  maximum  at  413.0  and  388.6  nm) 
bands  and  CN(B^Z-X^Z,  Av=0  with  maximum  at  388.3 
nm)  bands  are  the  most  intense.  There  is  also  evidence 
for  the  radiation  of  C2(A-X,  Av=2,  transitions  (2,0)  at 

438.2  nm,  (3,1)  at  437.1  nm  and  (4,2)  at  436.5  nm  ) 
Swan  system  which  appear  in  this  spectral  region 
superposed  over  the  CH(A-X)  bands.  The  nitrogen  SPS 
and  FNS  bands  have  disappeared  from  the  spectrum. 
The  obtained  values  of  rotational  and  vibrational 
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temperatures  and  of  the  CN  ground  state  density  have 
been:  Trot=(5690  +/-  200)  K  ,  Tvib=(9200  +/-  400)  K, 
[CN(X)]=(1.7+/-0.1)xl0'®m-' . 
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Fig.  1.  a)  The  spectrum  of  Ar/N 2 plasma  recorded  at 
7  cm  downstream  the  arc  nozzle 
b)  The  spectrum  of  Ar/N 2  plasma  recorded  at 
62  cm  downstream  the  nozzle 
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Fig.  2.  a)  The  spectrum  of  Ar/N 2/C 2H 2  plasma 

recorded  at  7  cm  downstream  the  arc  nozzle 
b)The  spectrum  of  Ar/N 2/C2H2  plasma 
recorded  at  62  cm  from  the  nozzle 


4.  Discussion 

The  observation  of  the  atomic  lines  dissapearing  after 
injection  of  C2H2  into  Ar/N2  plasma  and  the  molecular 
bands  being  very  strong  indicates  that  the  energy  is 
transferred  from  the  atomic  excited  species  and  ions  to 
the  molecules.  The  general  behaviour  that  along  the 
plasma  flow  axis  the  lines  are  disappearing  faster  than 
the  bands  is  showing  that  this  process  of  transfer  of 
energy  is  also  active  out  of  the  mixing  zone.  An 
explanation  of  this  behaviour  could  be  related  to  the 
process  of  charge  transfer  to  molecular  species  followed 
in  the  case  of  the  Ar/N2/C2H2  mixture  by  a  dissociation 
of  the  molecule  and  formation  of  CH  and  CN  radicals. 

A  very  interesting  feature  is  the  behaviour  of  CN  and 
CH  bands  along  the  plasma  flow.  The  spectra  show  that 
in  the  mixing  zone  both  radicals  are  produced  and 
excited  and  that  only  the  CN  radical  survive  in  the  late 
expansion.  This  could  be  related  to  a  higher  rate  of 
deposition  of  the  CH  radical  at  the  walls  or  to  a  higher 
difiusion  of  this  radical  away  from  the  expansion  axis 
towards  the  walls. 

The  lower  value  of  the  rotational  temperature  in  the 
mixing  zone  compared  to  the  deposition  zone  could 
be  related  to  the  plasma  cooling  due  to  the  C2H2 
injection.  Along  the  plasma  flow  a  tendency  to 
equilibration  of  rotational  and  vibrational  temperatures 
is  noted.  However  these  temperature  values  are 
unexpectedly  high  showing  the  non-equilibrium 
character  of  this  plasma  .  The  values  of  roto-vibrational 
temperatures  in  a  Ar/N2/C2H2  plasma  are  about  twice  of 
those  obtained  in  a  Ar/C2H2  plasma  [2].  The 
disappearance  of  emission  of  FNS  bands  indicates  the 
importance  of  the  ionic  molecular  nitrogen  in  the 
energy  transfer  and  excitation. 

5.  Conclusions 

In  Ar/Nz  and  Ar/N2/C2H2  expanding  thermal  plasmas 
the  transfer  of  energy  is  from  the  atomic  species 
towards  the  molecular  species  both  in  the  mixing  zone 
and  along  the  expansion.  The  CN  radical  is  produced 
in  large  quantities  in  the  Ar/N2/C2H2  expanding 
thermal  plasma.  Due  to  the  importance  of  CN  radical  in 
the  carbon-nitride  deposition  it  results  that  Expansion 
Thermal  Plasma  Assisted  Chemical  Vapour  Deposition 
technique  is  appropriate  for  this  purpose. 


b)  In  the  deposition  zone  the  spectrum  (Fig.  2b) 
contains  only  molecular  bands.  The  main  characteristic 
is  that  the  CN  bands  are  dominating  over  CH  bands 
which  are  very  weak.  The  FNS  bands  are  not  present 
anymore.  The  obtained  values  of  rotational  and 
vibrational  temperatures  and  of  the  CN  ground  state 
density  have  been:  (T„t=6710  +/-  200)  K  ,Tvibr=(6780  +/- 
200)  K,  [CN(X)]=  (4.8  0.2)xl0'"  m■^ 
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Plasna  processing  for  solar  cell  fabrication 
is  moving  towa^  achieving  higher  deposition 
rates.  R^ently,  a  new  deposition  method  that  sat¬ 
isfies  this  goal  was  developed  [1].  In  it  thin  films 
were  deposited  fix>m  low  density  jet  excited  by  an 
electron  beam  (Fig.l).  This  d^osition  method  is 
currently  investigating  using  statistical  tediniques. 


Fig.  1  A  schematic  sketch  of  film  deposition 
from  low-densityjet  excited  by  an  electron  beam.  Po 
and  To  is  total  gas  pressure  and  temperature  within 
gas  source,  d  is  nozzle  diameter,  1  -  gas  source,  2  - 
substrate,  3  -  film,  4  -  lateral  shock  wave,  5  -  the 
boundary  of  the  jet,  6  -  electron  beam. 


To  address  conditions  of  thin  film  deposi¬ 
tion  fi-om  low  density  jet  excited  by  an  electron 
beam  a  hybrid  model  was  developed.  The  model 
combines  a  Monte  Cario  code  for  interaction  of 
an  electron  beam  with  nonuniform  gas  flow  [2]  with 
direct  simulation  Monte  Carlo  (DSMC)  techniques 
for  the  transport  of  molecules  and  gas  surface 
interaction  [3].  Chemical  reactions  in  gas  flow 
were  not  considered.  This  approach  was  justified 
by  experimentally  obtained  linear  dependencies  of 
deposition  rates  on  beam  current  and  on  pressure. 

Calculations  were  performed  for  plasma  jet 
of  Ar  with  small  portion  of  monosilane  (10%).  The 
model  begins  by  solving  for  the  electron  distribution 
function  (EDF)  as  a  function  of  electron  energy  and 
position.  Elastic  scattering,  ionization,  and  inelastic 
excitations  were  taken  into  account.  The  cross  sec¬ 
tions  necessary  for  calculations  have  been  discussed 


in  [4,5].  No  consideration  is  given  to  beam  d^rada- 
tion,  that  is,  the  energy  of  the  beam  dectrons  is  as¬ 
sumed  to  remain  constant  Such  an  approximation 
is  justified  for  a  description  of  the  interaction  of 
high-eneigy  beams  with  a  low-density  medium.  The 
spatial  distribution  of  the  gas  density  in  the  jet  in 
these  computations  was  sampled  from  calculations, 
obtained  using  the  DSMC  code.  By  monitoring  the 
position  and  velodty  of  each  electron,  die  EDF  in 
energies  and  space  was  obtained.  To  calculate  the 
three-dimensional  spatial  distribution  of  total  dis¬ 
sociation  rates  of  monosilane,  die  .simulation 
region  was  divided  into  cubic  cells  (primary  dec- 
trons  were  incident  along  the  Z  axis): 

F(xi,yi,zi)  =  iig(xi,yi,zs)  np(xi,yi)  ad(Ep)  Ep‘®+ 

Zk  ng(xi,yi,zi)  iWc(Xhyi,zi,Uk,Vk,wk)  CTd(ek)  ek‘® 

the  density  of  primary  dectrons  is  equal  to 

np(xi,yi)  = 

n^Xi,yi,zi)/(  n8(xi,yi,Zi)  OiooCEp)  At) 
where  ng(^,yi,:%)  is  the  gas  densi^  in  position 
(Xi,yi,Zi).lw(Xi,yi,2i,Vht,’Vk,Wk)  isthe  distribution 
function  of  the  electrons,  Gdand  Gna  are  total 
cross  sections  of  ionization  and  dissodation  of 
monosilane,  Ep  is  the  energy  of  electron  beam, 
n«(xi,yi,2i)  is  the  density  of  sources  appearing  during 
the  time  At.  The  summation  was  implicated  over 
energies  of  electrons  in  the  ithcell. 

Finally,  using  information  on  spatial 
distribution  of  dissociation  rates,  deposition  rates 
were  obtained  on  the  base  of  standard  DSMC 
techniques  for  the  transport  of  molecules  and  gas 
surface  interaction  [3].  In  calculations,  the  variable 
hard-sphere  model  for  molecular  interaction  poten¬ 
tial  and  the  difiuse  reflection  model  with  complete 
thermal  accommodation  were  used. 

In  Fig.2  the  computed  thickness  profiles  of 
molecules  adhering  to  the  substrate  are  given.  For 
comparison  we  present  ellipsometry  data  on  film 
thickness  of  a-Si:H  in  the  same  figure.  The  good 
agreement  indicates  that  film  thickness  is  propor¬ 
tional  to  the  values  of  the  flux  of  molecules. 
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Fig.2  Euler  equations  -  lines.  Monte  Carlo 
computations:  O  -  Po  d  =  63  Topp  mm,  □  -  Po  d  = 
9.9  Topp  mm.  Measurements:  •  -  Po  d  =  63  Topp 
mm,  ■  -  Po  d  =  9.9  Topp  mm,  ♦  -  Po  d  =  180  Topp 
mm;d=6.3  mm. 

The  dependencies  of  rate  of  dissociation  of 
monosilane  are  given  in  Fig.3  as  a  function  of  posi¬ 
tion  along  the  Y  axis  at  different  distances  from  the 
center  of  the  beam  (radius  Rb)  along  the  X  axis.  The 
results  indicate  that  secondaiy  electrons  located  at  a 
distance  from  the  beam  were  distributed  more  uni¬ 
formly  in  space  than  prima^  electrons.  It  was 
found  that  this  fact  is  the  important  reason  for  the 
formation  of  spatially  uniform  thin  films  deposited 
from  the  jet  excited  by  an  electron  beam. 


Fig.3  Rate  of  dissociation  of  monosilane  vs 
distance  from  the  jet  axis:  •  -  x/Rb  =  -3,  ♦-  x/Rb  =0, 
♦-  x/Rb  =  3.  Ep=l6  keV,  Po=15.3  Ton*,  d=4.5  mm, 
Rb  =2  mm. 


It  was  shown  that  secondary  electrons 
make  an  essential  contribution  to  dissociation  of 
monosilane  and  consequently  to  deposition  of  thin 
films  of  a-Si:H.  From  comparison  of  deposition 
rates  calculated  and  experimental  data  effecuve 
sticking  coefBcient  was  determined.  Its  value  0.07 
was  compared  favorably  with  those  fix)m  the  litera¬ 
ture  [6].  In  fig.4  it  is  shown  a  comparison  be¬ 
tween  computations  and  measurements  of 
spatial  dependencies  of  absolute  deposition  rate. 


y/d 


Fig.4  Dependencies  of  the  a-Si.*H  film  depo¬ 
sition  rate  on  the  distance  from  the  jet  axis  X.  Monte 
Carlo  calculations  -  lines:  1  -  total  contribution,  2  - 
contribution  fi'om  secondary  electrons,  3-  contribu¬ 
tion  from  primary  electrons.  Experimental  data  - 
points.  The  conditions  are  the  same  as  in  Fig.3. 
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1.  Introduction 

The  attempts  to  synthesize  the  superhard  crystalline 
P-C3N4  phase  [1]  have  resulted  in  several  different 
kinds  of  carbon  nitride  (CN,^)  compounds.  In  spite  of 
the  fact  that  a  majority  of  the  CN*  films  prepared  by  a 
variety  of  sophisticated  techniques  (see  e.g.  [2]  and  the 
works  cited  therein)  is  amorphous  and  substoichiomet- 
ric  in  nitrogen,  these  layers  have  interesting  and  poten¬ 
tially  very  useful  mechanical  properties  for  surface 
engineering  [3, 4],  However,  little  is  known  today  about 
the  deposition  mechanisms  of  CNx  materials. 

The  main  aim  of  this  work  is  to  obtain  reliable  experi¬ 
mental  data  on  the  occurrence  of  the  selected  excited 
states  of  significant  atoms,  molecules  and  ions  in  a  sub¬ 
strate  region  of  the  magnetron  system  used  in  the  depo¬ 
sition  of  the  CNx  films.  The  emitted  light  spectra  have 
been  measured  in  a  dependence  on  the  negative  sub¬ 
strate  bias  voltage  Ub,  which  is  an  important  process 
parameter  determining  the  chemical  composition, 
structure  and  properties  of  the  deposited  films. 
Motivation  for  this  study  came  from  a  desire  to  under¬ 
stand  better  the  mechanisms  governing  the  production 
of  excited  states,  which  is  strongly  coupled  with  the 
complex  physico-chemical  phenomena  on  the  surface  of 
growing  films. 

2.  Experimental  details 

The  CNx  films  were  deposited  on  Si(lOO)  substrates 
using  DC  magnetron  sputtering  of  a  high-purity 
99.99  %  graphite  target  in  a  pure  99.999  %  nitrogen 
discharge  at  the  pressure  p  in  the  range  from  0.15  to 
5  Pa  and  the  constant  gas  flow  of  75  seem.  The  target- 
-to-substrate  distance  was  100  mm.  The  discharge  cur¬ 
rent  on  the  cathode  was  held  at  1  A,  while  the  substrate 
temperature  T,  was  varied  by  an  ohmic  heater  between 
50  and  600  “C,  and  the  negative  substrate  bias  Ub  indu¬ 
ced  by  an  RF  generator  operating  at  a  frequency  of 
13.56  MHz  was  in  the  range  from  0  to  -1200  V. 

Optical  emission  spectroscopy  of  the  discharge  was  car¬ 
ried  out  using  a  computer  controlled  system  comprising 
a  Jobin-Yvon  THR  lOOOS  monochromator.  The  emitted 
light  was  studied  in  two  positions  characterized  by  the 
distances  of  5  and  50  mm  from  the  substrate.  Spatial 
resolution  along  the  axis  of  the  discharge  between  a 
plane  cathode  and  a  paralell  plane  substrate  was  achie¬ 
ved  by  means  of  a  fibre  optic  cable  fitted  with  a 
150  mm  long  and  4  mm  wide  collimating  tube,  poin¬ 
ting  perpendicularly  towards  the  axis.  The  spectrometer 
resolution  was  adjusted  to  0.05  nm. 


Table  1.  Data  characterizing  the  spectral  lines  investi¬ 
gated  in  this  paper. 


Species 

Spectral 

lines 

[nm] 

Transitions 

N 

493.5 

2p^4p  ->  2p^3s 

N2 

337.1 

c^n^B"n(o,o) 

N^ 

568.0 

2p3p  ->2p3s 

N2 

391.4 

B^2-^X^2(0,0) 

CN 

388.3 

B^2->A2n(0,0) 

C 

247.9 

2p3s  2p^ 

3.  Results  and  discussion 

The  basic  data  characterizing  the  spectral  lines 
investigated  in  this  paper  are  given  in  table  1. 

As  we  are  interested  here  in  an  effect  of  the  RF-indu- 
ced  negative  substrate  bias  voltage  Ub  on  the  processes 
in  a  discharge  near  the  substrate,  figures  1  and  2  are 
included  to  illustrate  a  strong  influence  of  this 
important  parameter  on  properties  of  the  layers  deposi¬ 
ted  under  the  same  conditions.  In  figure  1  we  give  our 
results  for  the  N/C  ratio  in  the  CN*  films  evaluated 
using  elastic  recoil  detection  analysis  (ERDA).  Figure  2 
shows  their  hardness  measured  by  a  computer  control¬ 
led  microindentor  Fischerscope  H  100. 

Increasing  the  Ub  values  at  the  substrate  temperature  of 
600  “C  and  the  pressures  in  the  range  from  0.15  to  5  Pa 
resulted  in  an  increase  in  film  density  from  1.5  to 
2.7  g/cm^,  and  a  decrease  in  surface  roughness  from 
13  to  2  nm.  This  densification  was  accompanied  by  an 
increased  hardness  (from  2  to  27  GPa)  and  by  higher 
adhesion  to  the  silicon  substrate.  Tribological  behaviour 
of  these  amorphous  CNx  films,  typically  1  to  2  pm 
thick,  is  studied  in  paper  [4]. 

In  figure  3  we  present  relative  intensities  of  the  selec¬ 
ted  spectral  lines,  which  were  measured  in  the  position 
of  5  mm  from  a  substrate  as  functions  of  the  RF-indu- 
ced  negative  substrate  bias  Ub  at  p  =  0.5  Pa  and 
Ts  =  600  °C.  As  is  shown,  the  populations  in  all  excited 
states  (see  table  1)  increase  with  a  growing  value  of  the 
applied  RF  power. 

It  is  mainly  due  to  enlarged  values  of  the  number  den¬ 
sity  and  kinetic  temperature  of  electrons  in  the  deposi¬ 
tion  zone,  but  the  dissociative  charge  transfer  between 
Nj  and  N2  might  also  play  a  role  in  producing  the 
N  atoms  and  N^  ions  near  the  substrate  [5]. 


XXni  ICPIG  ( Toulouse,  France  )  17-22  July  1997 


IV-259 


Figure  1.  The  N/C  ratio  in  the  CNx  films  as  a  function 
of  the  RF-induced  negative  substrate  bias  voltage  Ub  at 
T.  =  600  "C. 


Figure  4.  The  ratios  I(N)/I(N2)  and  I(N)/I(CN)  measu¬ 
red  in  the  deposition  zone  and  in  the  plasma  as  func¬ 
tions  of  the  RF-induced  negative  substrate  bias  Ub  at 
p  =0.5  Pa  and  T.  =  600’’C. 


Figure  2.  The  hardness  of  the  CNx  films  as  a  function 
of  the  RF-induced  negative  substrate  bias  voltage  Ub  at 
T.  =  600  “C. 


Figure  3.  The  relative  intensity  of  the  selected  spectral 
lines  measured  in  the  deposition  zone  as  a  fimction  of 
the  RF-induced  negative  substrate  bias  Ub  at  p  =  0.5  Pa 
andT.  =  6Q0  “C. 


Let  us  recall  that  CN  radicals  and  N  atoms  are  assumed 
to  be  the  most  appropriate  precursors  for  the  deposition 
of  CNx  films  and  that  a  sufficient  concentration  of  ato¬ 
mic  nitrogen  species  in  a  discharge  is  required  to  ensu¬ 
re  nitrogen  incorporation  in  the  growing  layers  [2,  6]. 

In  figure  4  the  intensity  ratios  of  IG'0^G^2)  atid  I(N)^ 


I(CN),  measured  in  the  deposition  zone  (5  mm  from  the 
substrate)  and  in  the  discharge  plasma  (50  mm  from 
the  substrate),  are  given  as  fonctions  of  the  RF- 
induced  negative  substrate  bias  voltage  Ub  at  p  =  0.5  Pa 
and  T.  =  600  'C  to  illustrate  a  tendency  towards  increa¬ 
sed  occurrence  of  N  atoms  in  comparison  with  N2  mo¬ 
lecules  in  both  investigated  positions,  and  N  atoms  in 
comparison  with  CN  molecules  in  the  deposition  zone, 
wtien  the  applied  RF  power  increases. 

As  can  be  seen  in  figure  4,  the  growing  influence  of 
dissociation  of  N2  molecules  in  the  deposition  zone 
leads  to  the  increase  in  the  ratio  of  the  concentration  of 
atomic  nitrogen  to  that  of  CN  species.  It  correlates  with 
an  increase  in  the  N/C  ratio  in  the  CN*  layers  (see 
figure  1)  at  lower  values  of  the  RF  power,  which  are  the 
most  appropriate  for  the  deposition  process  with  regard 
to  resputtering  of  the  growing  films. 

This  work  has  been  partially  supported  by  the  Czech 
Grant  Agency  under  Grant  No.  106/96/K245  and  by 
the  Ministry  of  Education  of  the  Czech  Republic  under 
Grant  No.  VS  96  059. 
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1.  Introduction 

Tetraethoxysilane  (TEOS)  is  an  organosilicon  compound 
widely  used  for  CVD  and  plasma  enhanced  C  VD  of  silicon 
dioxide  films  in  the  mixture  with  oxidant  gases  (O^,  N^O, 
CO).  These  studies  are  applied  in  microelectronics,  Beyond 
their  dielectnc  properties,  plasma  deposited  SiO^-hke  films 
are  characterized  by  other  interesting  properties  which  make 
them  very  promising  material  for  many  other  applications 
(pigments  and  metal  protection  against  photodegradation 
and  corrosion,  respectively,  hardening  of  transparent  plastics 
and  polycarbonate  etc  ).  These  application  do  not  always 
require  SiOj-like  films.  Polymers  with  an  appreciable 
organic  fraction,  deposited  without  an  oxidant  gas  in  the 
feed,  fi'om  several  organosilicon  compounds  are  usually 
suitable  for  many  above  applications  (see  for  instance  [1]). 
The  advantage  of  TEOS  compared  with  silane  is  its  easy 
handling  due  to  low  flammability. 

2.  Experimental 

The  films  were  deposited  by  plasma  enhanced  CVD  in  a 
diode  planar  reactor  described  in  [2].  The  lower  electrode 
capacitatively  coupled  to  rf  generator  was  used  as  a 
substrate  holder.  All  films  were  deposited  at  rf  power  1 00  W 
(self  bias  -250V)  and  fi'equency  IB.SOMHz.  TEOS  vapour 
was  introduced  from  glass  bottle  keeping  liquid  TEOS 
without  any  carrier  gas.  For  all  carried  depositions  the  flow 
rate  of  TEOS  was  established  by  needle  valve  at  0.3  seem. 
The  flow  rate  of  argon  was  regulated  by  Hastings  ITFC  flow 
controller  from  1 .7  to  3.5sccm.  The  total  pressure  was  from 
12.8  to  20.1Pa  in  dependence  on  argon  flow  rate.  The 
substrate  electrode  was  a  hard  aluminum  plate  covered  by 
plasma  deposited  film.  The  silicon  substrates  with  different 
specific  resistance  (from  0.06  to  40Q,cm)  were  putted  on  or 
sealed  to  the  substrate  electrode.  To  obtain  more  uniform 
films  mixture  of  TEOS  and  argon  was  supplied  by  many 
inlets  in  the  glass  circle  placed  7  or  4cm  above  the  substrate 
electrode. 

During  the  plasma  processes  we  have  measured 
the  temperature  of  substrate  electrode  or  silicon  wafers  by 
Raylek  Thermalert  LTCF2  pyrometer.  Because  of  possible 
problems  with  object  emissivity  we  have  used  the  stickers 
with  standard  emissivity  e  =  0.95  supplied  by  Raytek. 

The  reflectance  of  thin  films  on  silicon  substrates 
within  the  wavelength  region  200  -  900nm  were  measured 
by  an  spectrophotometer  ZEISS  SPECORD  M42.  To  find 
the  thickness  and  the  optical  parameters  of  the  thin  films  we 
have  performed  numeric  minimization  procedure  of  the  least 
squared  method  (Marquardt  -  Levenberg)  in  the  region  400 
-  900nm.  The  model  of  a  single  homogenous  film  fitted  well 
the  measured  values.  Microhardness  measurements  were 


made  using  a  Hanemann  Vickers  microhardness  tester  [3]. 
The  film  hardness  was  separated  from  the  hardness  of 
system  film  -  substrate  as  described  in  [4]. 

3.  Results  and  Discussion 

In  the  arrangement  with  the  reactant  inlets  7  cm  above  the 
substrates  we  have  deposited  films  changing  the  argon  flow 
rate  from  1 .7  seem  to  2.5  seem.  The  growth  rate  and  the 
hardness  of  films  deposited  on  silicon  substrates  40  D.cm 
are  in  Fig.  1 .  The  refractive  a  absorption  indices  did  not 
show  any  clear  dependence  on  deposition  conditions. 
Refractive  index  at  650  nm  was  in  range  1.72  -  1.77  and 
absorption  index  was  in  the  range  0.01  -  0.05.  This  values 
are  higher  than  for  SiOj-like  films  and  differ  from  values 
declared  in  [5]  for  argon/TEOS  mixtures. 

To  exclude  the  possible  influence  of  temperature 
we  have  measured  the  temperature  of  electrode  during 
45min  of  argon  and  argonTTEOS  discharges  for  argon  flow 
rate  from  1.7  to  3.5sccm  starting  from  room  temperature 
25°C.  Final  temperature  did  not  differ  for  various  flow  rates, 
mean  value  was  (75  ±  4)  °C.  The  temperature  is  not 
responsible  for  changes  in  films  properties  shown  in  Fig.  1 . 
Mukheijee  et.  al.  [6]  supposed  for  argon/TEOS  deposition 
that  an  increase  of  pressure  causes  a  decrease  of  deposition 
rate  because  of  electron  energy  decrease.  Another 
explanation  of  deposition  rate  behaviour  which  could 
explain  hardness  dependence  too  is  an  increase  of  ion 
bombardment. 

An  interesting  result  is  concerned  to  the 
temperature  measured  during  deposition  from  argonTEOS 
plasma.  The  electrode  temperature  is  a  little  higher  (88.9  "C) 


Total  pressure  [Pa] 

13  14  15  16  17  18 


Figure  1  Influence  of  argon  flow  rate  (total  pressure)  on 
growth  rate  and  hardness  of  films  deposited  in  argonTEOS 
plasmas  (P  =  lOOW,  U  =  -250V,  TEOS  flow  rate  0.3sccm). 
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Figure  2  Temperature  of  various  objects  during  argon 
discharge:  P  =  lOOW,  U  =  -250V,  argon  flow  rate  2.7sccm, 
pressure  17Pa. 

than  this  one  for  pure  argon  plasma.  We  have  check  up  the 
emissivity  of  the  sticker  after  45  minutes  ofdeposition  and 
find  that  emissivity  decreased  to  0.93.  Such  small  change 
could  not  changed  the  true  temperature  and  moreover  it 
should  decrease  the  measured  temperature. 

In  the  previous  study  we  have  found  out  that 
properties  of  films  deposited  from  TEOS  and 
TEOS/methanol  mixtures  depend  on  specific  resistance  of 
silicon  wafer  [2].  We  have  voiced  that  the  temperature  of 
different  silicon  wafers  differs  and  causes  unmistakable 
changes  of  film  properties  [7].  Optical  properties  and 
thickness  of  films  deposited  from  argon/TEOS  mixture 
again  depend  on  specific  resistance  of  silicon.  The 
microhardness  was  in  the  range  of  experimental  errors  the 
same  for  different  silicon  substrates. 

To  confirm  our  assumption  about  temperature  we 
have  measured  temperature  of  silicon  wafers  (400.  cm, 
O.OSQ.cm  )  putted  on  electrode  and  temperature  of  silicon 
wafer  40fi.cm  sealed  to  the  electrode  by  silver  paste.  We 
have  sealed  the  stickers  with  e  =  0.95  to  the  silicon  but  the 
part  of  silicon  surface  was  left  uncovered.  Temperature 
measurements  in  pure  argon  plasma  (see  Fig.  3)  show  that 


pure  thermocontact  between  silicon  and  electrode  results  in 
different  surface  temperatures.  The  silicon  wafer  is  cooled 
mainly  by  radiation  that  depends  on  its  emissivity.  We  have 
determined  by  pyrometer  that  the  silicon  40f2.cm  has  s  = 
0.22,  silicon  O.OSO.cm  has  s  =  0.72  and  the  electrode 
covered  by  thick  plasma  deposited  film  has  e  =  0.87.  This 
is  in  perfect  agreement  with  temperature  measurements  in 
Fig.  3.  For  discussed  silicon  the  magnitude  of  absorption 
coefficients  in  infrared  differ  about  several  orders  [8]  and 
therefore  differ  emissivity  too. 

We  have  tested  the  influence  of  supply  inlet 
position  and  starting  electrode  temperature  on  film 
properties.  The  films  microhardness  for  reactant  inlets  only 
3  cm  above  the  substrates  was  generally  lower  than  this  one 
for  the  distance  7  cm.  To  achieved  the  same  hardness  it  was 
necessary  to  use  higher  argon  flow  rate  (see  Fig.  3).  To 
qualify  the  influence  of  starting  electrode  temperature  we 
have  heated  electrode  with  substrates  before  the  deposition 
by  argon  plasma  to  the  temperature  90  °C.  The  increase  of 
film  microhardness  is  marked  from  Fig.  3. 

4.  Conclusion 

We  have  found  that  the  hardness  of  films  deposited  from 
argon/TEOS  mixture  is  proportional  to  argon  flow  rate  and 
is  higher  for  higher  distance  between  the  substrates  and 
supply  inlets.  Deposition  rate  is  inversely  proportional  to 
argon  flow  rate  and  depends  on  the  position  of  reactant 
inlets.  Refractive  and  absorption  indices  are  higher  than  for 
SiOj-like  films.  Optical  properties  and  deposition  rate 
depend  on  specific  resistance  of  silicon  substrate  because  of 
temperature  difference. 
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Figure  3  Dependence  of  microhardness  on  applied  load. 
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1.  Introduction 

Natural  molecular  admixtures  (N2,  O2,  H2O),  inevitably 
presented  in  tank  helium  (  for  example,  in  commercial 
tank  helium  relative  contents  of  O2  and  N2  are  about 
10"®  and  10'^  respectively)  rapidly  change  energy 
transfer  processes  in  helium  plasma.  Due  to  their  high 
excitation  and  ionization  potentials,  active  helium 
species  (excited  atoms  He',  molecules  He2',  atomic  He"^ 
and  molecular  He2^,  He^^  ions)  effectively  interact  with 
molecules  N2,  O2,  H2O,  and,  if  their  contents 
correspond  to  the  level,  mentioned  above,  ionic 
constitution  and  radiative  properties  of  such  plasma 
mixture  significantly  differ  from  that  properties  of  pure 
helium  plasma. 

This  paper  is  devoted  to  analysis  of  the  experimentally 
recorded  spectra  of  beam  helium  plasma  with 
molecular  admixtures,  noted  above. 

Experimental  scheme. 

It  is  shown  in  Fig.  1 . 
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Fig.l 

1  -  chamber;  2  -  electron  accelerator;  3  -  line  spectrum 
source;  4  -  PM;  5  -  removable  optical  filter;  6  - 
dififractional  spectrograph;  7  -  analog  to  digital 
converter;  8  -  computer. 

Beam  plasma  was  created  in  metallic  chamber  by 
impulsive  electron  accelerator.  Accelerator  produced 
impulses  with  following  parameters:  time  of  impulse 
tu„p  ~  150  ns,  average  electron  energy  ~  220keV, 
total  energy  in  impulse  Ein,p  ~  0.2J,  repetition  frequency 
f  =10Hz.  The  experiments  were  carried  out  in  He  at 
pressure  0.11  MPa.  The  radiation,  emitted  by  plasma, 
was  recorded  photographically  by  diffractional 
spectrograph,  wich  permited  measurements  in 
wavelength  range  260-620  nm,  containing  such 


molecular  bands,  as  N2(2'*0,  N2(ig,  N2^(r),  02(1"^, 
02^(1'),  OH(Meinel)  and  strong  lines  of  He  I  (587.6, 
447.1,  388.9  nm).  In  addition,  time  dependence  of 
plasma  radiation  was  recorded  by  photomultiplier  with 
removable  optical  filters.  Used  in  experiments  filters 
had  following  transparency  bands:  450-550  nm,  550- 
650  nm,  650-750  nm.  Averaged  by  volume  of  chamber 
electron  concentration  was  derived  from  microwave 
measurements.  The  near  foil  plasma  region  with 
concentration  of  n*  >  10'‘  cm’^  was  observed  and 
analyzed. 


3.  Experimental  results  and  their  discussion. 

Components,  identified  in  spectra,  are  listed  in  Table  1. 


Tab 

le  1. 

N 

Wavelength, 

nm 

Belongs  to 

1 

282.2 

N2'  (2\  v’  =  3,v”=0) 

2 

306.4 

OH  (A^S  -X^n,  0-0) 

3 

306.8' 

OH  (A^Z  -X^n,  0-0) 

4 

310.9 

OH  (A^Z  -X^n,  1-1) 

5 

312.2 

OH  (A^Z  -X^n) 

6 

313.6 

OH(A^Z-X^n),  Nj'"  (2^2-1) 

7 

315.9 

N2’  (2",  1-0) 

8 

333.9 

N2'  (2\  1-1) 

9 

337.1 

N2'  (2'",  0-0) 

10 

350.0 

N2’  (2",  2-3)  - 

11 

353.7 

N2'  (2\  1-2) 

12 

367.2 

N2'  (2\  3-5) 

13 

375.5 

N2'  (2g  1-3) 

14 

380.5 

N2'  (2'",  0-2) 

15 

391.4 

N2^  (F,  0-0) 

16 

427.0 

Nz'  (2",  1-5) 

17 

427.8 

N2^  (F,  0-1) 

18 

470.9 

N2^  (F,  0-2) 

19 

522.8 

N2'"  (F,  0-3) 

20 

587.6 

Hel 

21 

594.7 

N2'  (H,  8-4) 

611.4 

N2*  (L,  5-1) 

The  densitograms  of  helium  spectra,  obtained  with 
diffractional  spectrograph,  are  shown  in  Fig.2. 

The  most  intensive  components  in  spectrum  of 
relatively  pure  helium  are:  OH'  bands  (306-314  tun), 
N2^(l-st  negative,  0-0,  0-1)  bands  and  He  I  (587.6  nm) 
line.  In  helium  with  molecular  admixtures  OH'  bands 
slightly  weaken,  but  remain  considerable,  intensity  of 
N2^(l-st  negative,  0-0,  0-1,  0-2,  0-3)  increases  and 
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intensity  of  He  I  (587.6  nm)  significantly  decreases 
The  bands  of  0;'(r  ;  Av=2,-1,();  /.=529.6.  563.2, 
602. 6nm  )  as  well  as  He  lines  at  388.9,  447.2  and 


He  +  admixtures 


, _ II  _ _ A  _ , _ j-M - L  A^nm 

■ _ I  I  1  I  1  1  1  i— 71 - r 

ISO  <00  <50  500  550  600 

Fig.2 

501.6  nm  are  very  weak  or  absent.  These  facts,  as  we 
think,  could  be  due  to: 

1)  charge  transfer  reaction 

N2"(B"Z)  +  O2  ^  O2  V  S)  +  N2"  ( 1^) 

doesn’t  create  sufficiently  quantity  of  O2  "^(b''  S) 

[1] 

2)  relatively  low  probabilities  of  radiative  transisions 
from  02''(b‘'  E)  (Ak,  <  10®c‘',  while  for  observed  in 
spectra  N2'"(T)  Ak.  ~  1.7  lO’  c"')  [1], 

3)  high  speed  of  nonradiative  losses  of  He  in 
reactions  of  conversion,  charge  transfer  and  assotiative 
ionization  [1],  [2]: 

He  +  2He  — >  He2  +  He  (2) 

He'  +  Nj-)-  ^2*’  +  He  (3) 

He’  +  He  He2'^  +  e  (4) 

All  reasons,  stated  above  are  confirmed  by  the  analisys 
of  PM  signals  time  dependences.  Characteristic  signals 
are  represented  in  Fig.  3.  The  ratio  of  admixtures  in  two 
cases,  noted  as  ‘He”  and  ‘He  +  admixtures”  is  about 
10.  The  behaviour  of  signals  is  following:  in 
wavelength  range  450-550  nm  as  the  content  of 
molecular  gases  in  helium  increases,  the  signal 
becames  narrow,  its  amplitude  significantly  increases; 
signal  in  wavelength  range  550-650  nm  has  two 
maximums  in  relatively  pure  He,  while  in  He  with 
molecular  admixtures  signal  becames  monotonouse  and 
narrow,  its  amplitude  increases,  but  not  so  sharply,  as 
in  range  450-550  nm. 


Radiation,  registered  in  range  450-550  nm  is  due  to 
N:’(r.  0-3)  (522. 8nm),  Nj’  (f,  0-2)  (470. 9nm)  These 
species  arc  formed  in  reactions  [2],  [31,  [4]: 

HC2'  +  N:->  Nz'fB.A)  +  2He  (5) 

HC2’  +  N:  +  He ->•  N2"(B,A)  +  3He  (6) 
Then  N2'’  converts  to  N4"  in  reaction 

N2"  +  N2  +  He  N4^  +  He  (7) 

but  radiation  decay  of  N2‘'(B^Zu'")  proceedes  with 
highier  speed  [1],  [2). 

After  -1.5  (is  radiation  in  this  range  follows  N2^(B) 
formation  by  Penning  ionization  of  N2: 

He'(2^S,  2'  S)  +  N2^  N2^'  +  He  (8) 

The  time  (2(is)  of  signal  decrease  corresponds  the  [He  ] 
decrease  in  (8),  if  [N2]  ~5  10’^cm■^  This  value  is  in 
agreement  with  microwave  measurements  of  [O2]  and 
presumption,  that  [O2]:  [N2]  =  1:4,  as  in  air.  In  He  with 
admixtures  the  same  processes  proceed,  but  their  speed 
increases. 

More  interesting  the  behaviour  of  signal  in  550-650nm. 
As  this  range  embraces  radiation  of  He  I  (587.6nm), 
He2‘  (640nm),_  Nz’fH,  8-4)  (594. 7nm),  0-0) 

(602.6nm),  N2'(H,  5-1)  (611.4nm),  the  interpretation 
of  registered  radiation  is  complicated.  Unlikely  He2 
(640nm)  line  is  beyond  the  range,  registered  by 
spectrograph,  and  we  have  no  data  about  it’s  intensity. 
We  assume,  that  behaviour  of  PM  signal  in  this  range 
is  due  to  joint  radiation  of  all  species,  mentioned  above, 
but  after  ~3(is  radiation  of  N2’(l\  8-4)  and  N2  (T,  5- 
1),  formed  in  dissociative  recombination  of  N/, 
produced  in  (7): 

N/  +  e  Ni'  +  N2  (9) 

dominates.  The  time  (3  (is)  of  signal  decrease 
corresponds  the  decrease  of  N2’(U,  8-4)  and  N2  (T,  5- 
1)  due  to  vibrational  relaxation  and  radiative  decay. 

In  longer  period  of  time  -15  (is  attachment  of 
electron  to  O2,  conversion  of  simple  ions  to  complex 
one  [4]: 

N/  4-  H2O  -I-  (He)  HjO'"  +  2N2  +  (He)  (10  ) 
HjO"^  +  H2O  +  (He)  ->  HjO^  +  OH  +  (He)  (1 1 ) 
H3O*  +  H2O  -I-  (He)  ->  HjO"'  (H2O)  +  (He)  (12  ) 
02' +  H2O  +  (He) ->  Oz' (H2O)  +  (He)  (13) 
proceed,  and  finally  charged  particles  recombine  in 
reactions  [4]: 

02  (H20)  -h  H30^(H20)  products  (14) 

02  (H20)  4-  H30^(H20)  4-  He  products  (15) 
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C2  emission  of  laser  produced  carbon  plasma  in  an  ambient  gas 

S.  Abdelli,  T.  Kerdja,  M.  Si-Bachir  and  S.  Malek 
Laboratoire  d’Interaction  Laser-Matifere 
Centre  de  Ddveloppemen'c  des  Tdchnologies  Avancdes 
128  chemin  Mohamed  Gacem,  El-Madania,  Alger,  Algdrie. 


The  interaction  of  high  power  laser  beams  with  a 
graphite  target  in  an  ambient  gas  has  become  a 
subject  of  great  interest  since  the  first  report  on  the 
existence  of  stable  carbon  clusters  in  laser  ablated 
plumes  ^  Depending  upon  the  time  of  observation, 
position  of  the  sampled  volume  within  the  plasma, 
the  relative  abundance  of  the  different  type  of 
carbon  clusters  has  been  found  to  change.  In  this 
paper,  we  report  on  experimental  results  on  C2 
emission  studies  in  laser  vaporization  of  graphite 
target  in  three  different  gases  environment.  The 
relationship  between  the  presence  of  these  lines  and 
the  growth  of  diamond  is  always  related  to  good 
quality  diamond  films  and  appears  to  be  a 
"universal"  feature^. 

The  appearance  of  the  high  pressure  Swan  band 
( V '  =  6)  in  helium  is  also  reported. 

I.  Molecular  Swan  band  emission. 

In  the  presence  of  a  background  gas,  the  molecular 
emission  at  516.5  nm  corresponding  to  the  well 
known  Swan  band  emission  will  dominate  the 
plasma  emission. 

As  the  surrounding  gas  pressure  is  increased,  the 
molecular  Swan  band  emission  increases  and  the 
maximum  intensity  location  moves  to  the  left-hand 
side  ( target  surface),  the  spatial  profile  becoming 
larger  and  sharper^  (Fig.l).  Beyopd  a  some 
pressure  depending  on  the  gas  nature  (150  mbar, 
100  mbar  and  5  mbar  for  hydrogen,  helium  and 
argon  respectively)  the  maximum  emission  comes 
very  close  to  the  target  surface  and  then  the  Swan 
band  emissivity  will  be  masked  by  the  continuum 
emission  from  the  dense  phase  of  the  plasma.  The 
consistency  of  the  measured  values  for  the  three 
gases  was  tested  by  fitting  the  dependance  of  the 
maximum  emission  intensity  of  the  Swan  band  at 
516.5  nm,  on  the  product  of  molar  mass  and  the 
pressure  of  the  foreign  gas.  The  result  is  shown  in 
Fig.  2.  As  the  ambient  gas  pressure  increase,  the 
maximum  emission  intensity  of  the  Swan  band 
increases  but  the  dependance  of  the  Swan  band 
intensity  versus  the  gas  pressure  exhibit  alike 
saturation  at  high  pressure.  The  general  behavior 
of  the  curve  is  the  same  for  the  three  gases  as  seen 
in  Fig.  2,  but  helium  gives  the  highest  intensity 
n.  Temporal  evolution. 

Fig.  3  shows  the  z-t  plot  of  CII*  transition  at 
426.7nm,  Cl*  transition  at  247. 8nm  and  C2 
emission  at  516.5nm.  Fig. 3  shows  that  at  earlier 
time  all  the  transitions  involved  have 
approximatively  the  same  space-time  behavior. 


Above  0.3|isec  the  time  delay  between  the  C2* 
emission  and  Cl*  emission  increases  but  the  slope 
of  C2*  emission  remains  constant  suggesting  the 
same  production  mechanism  for  C2*  emission  over 
0.3  psec.  At  earlier  time,  C2  are  probably  produced 
by  the  strong  recombination  occuring  in  the 
vicinity  of  the  target  surface,  the  recombination 
rate  being  strongly  dependent  on  electron 
temperature  increases  as  the  plasma  is  cooled  by 
expansion*.  Cooling  of  the  vapor  by  the 
surrounded  gas  results  in  condensation  and  the 
ultrafine  particle  creation^.  Collisional  ionization 
and  three  body  recombination  are  the  mains 
process  occuring  in  the  vicinity  of  the  target 
surface,  so  we  get  excited  state  C2  formation 
slightly  away  from  the  target  surface. 

Another  possible  mechanism  of  C2  production  is 
the  dissociation  of  large  clusters  in  the  expanding 
plasma®.  Clusters  of  carbon  (  Cn  ,  n>2)  along  with 
electrons  are  ejected  from  the  graphite  target  and 
C2  could  be  formed  by  the  dissociation  of  Co  due  to 
collisions  with  energetic  electrons.  However,  at 
large  distance  (  s  0.6  cm)  from  the  target  surface, 
the  plasma  is  colder,  but  the  confinment  caused  by 
the  shock  wave  enhance  the  temperature  exciting 
molecular  vibrations  which  can  cause  molecular  or 
clusters  dissociation, 
in.  High  pressure  band  appearance. 

Spectral  and  kinetic  observation  by  others  support 
two  classifications  for  C2  emission  :  normal  Swan 
band  associated  with  v’  =  0-6  and  high  pressure 
Swan  band  associated  with  an  excess  population  in 
v’  =  6  level^.  Vibrations  v’  >  6  correspond  to 
headless  or  tail  bands  which  are  not  always 
evident.  Fig.  4  shows  microdensitometer  traces  of 
the  plasma  emission  around  470.0  mn 
representing  the  vibrational  excitation  of  the  C2 
molecule  in  the  Av  =  -1-  1  sequence  in  helium  gas 
at  lOmbar,  at  different  distances  from  the  target 
surface.  The  Swan  band  heads  of  (  v '  ,v")  i.e.  (3- 
2)  at  469.7nm,  (4-3)  at  468.4nm  and  (5-4)  at 
467. 9nm  are  well  identified.  In  addition  to  the 
vibrationnal  excitation,  the  trace  representes  also 
the  helium  line  at  468.6nm  (  0.2  nm  to  the  red  of 
the  4-3  band  head).  From  the  trace  c  taken  at 
0.25cm  from  the  target  surface,  to  the  trace  a  ( 
0.4cm)  one  can  show  an  important  enhancement 
of  the  vibrationnal  excitation  .  This  increase  may 
be  due  to  the  shock  wave  produced  by  the  plasma 
expansion  in  the  gas  and  also  may  be  due  to  the 
recombination  process  making  the  number  of  C2 
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emitter  increasing  with  distance.  An  important 
feature  observed  in  the  trace  c  is  the  red  shift 
observed  in  the  5-4  band  head  corresponding  to 
the  (6-5)  high  pressure  band,  and  the  apparition  of 
a  tail  at  466. 6nm.  The  red  shift  is  O.Znm  from  the 
5-4  band  head  and  the  tail  is  at  466.6nm.  These 
effects  are  attributed  to  the  excitation  of  the  high 
pressure  Swan  band  leading  to  an  excess 
population  in  the  v '  =6  level.  The  same  feature  is 
observed  in  argon  below  Imbar.  The  tail  band  and 
the  red  shift  are  not  still  visible  above  0.4  cm  from 
the  target  surface  corresponding  to  the  maximum 
line  enhancement  observed  earlier  for  Cl* 
transition  at  247.8nm®. 

Comparison  in  time  evolution  and  spatial 
extension  of  the  normal  Swan  band  system 
represented  by  the  intense  (0,0)  band  head  at 
516.5nm  and  as  an  example  of  high  pressure 
system  the  (6,8)  band  head  at  589.9nm  which  is 
better  isolated  than  the  (6,5)  band  head,  suggests  a 
common  intermediate  or  parallel  production 
mechanism  fo  the  two  Swan  band  systems.  The 
best  fit  of  the  spadal  extension  of  the  high  pressure 
system  follows  exactly  the  spatial  extension  of  the 
CII*  transition  at  426.7nm  obtained  in  a  previous 
work^. 
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Coherent  Structure  Emitted  by  an  Electron  Beam 
in  a  Beam-Plasma  System 

Ichiro  Mori,  Toshifumi  Morimoto*,  Retsuo  Kawakami  and  Kikuo  Tominaga 
Faculty  of  Engineering  The  University  of  Tokushima 
Minami-josanjima  770  Tokushima  Japan 
*Takuina  Radio  Technical  College 
Kohda,  Takuma,  761-11,  Kagawa,  Japan 


ABSTRACT 

A  large  amplitude  upper  hybrid  solitary  wave 
(soliton)  was  detected  experimentally  in  a  beam-plasma 
system.  An  amplitude  of  the  solitary  wave  was  up  to  4 
Volt  in  peak  to  peak  at  a  terminal  of  oscilloscope  in  a  50- 
Q  system.  The  phases  of  coherence  in  carrier  frequency 
~400  MHz  were  confirmed  by  using  the  HP-54542A- 
2GHz  oscilloscope. 

We  succeeded  theoretically  in  an  attempt  to  describe 
an  emission  of  solitary  wave,  ceated  by  an  electron  beam, 
with  a  renormalizing  method.  It  was  found  that  the  pres¬ 
ence  of  slower  response  of  ions  was  necessary  for  the 
emission,  i.e.,  without  the  ions,  the  electron  beam  could 
not  emit  a  wave  packet.  The  theoretical  results  were 
quite  similar  to  that  of  the  experiments. 

1.  EXPERIMENTS 

The  experiments  are  carried  out  by  beam-plasma 
system.  The  plasma  region  is  16  cm  in.  diameter  and 
42  cm  in  length,  and  a  mirror  magnetic  field  is  80 
Gauss  in  center  position  with  a  mirror  ratio  of  1.4. 
Gun  region  is  evacuated  to  10“®  torr,  while  a  plasma 
region  is  fed  with  argon  gas  from  10“'*  to  10“^Torr.  A 
Pierce-type  electron  gun  injects  a  mono-energetic  elec¬ 
tron  beam  with  a  diameter  of  1  cm  into  the  plasma  re¬ 
gion.  The  typical  beam-parameter  is  1.9  keV-18  mA. 
A  stable  low-density  plasma  (~10®cm“^)  has  been 
used  in  the  experiments  under  the  initial  gas  pressure 
of  5x  10“'*Torr.  For  this  stable  low  density  region,  we 
designate  it  as  second  stage,  while  at  high  density  re¬ 
gion,  the  third  stage,  we  have  the  plasma  density  of 
~10*^cm“‘^.  Transition  from  the  second  to  the  third 
stage  is  so  called  Beam-Plasma  Discharge  which  may 
surely  be  started  by  the  action  of  the  solitary  waves. 

Large  amplitude  envelope  solitary  wave,  measured 
by  2  GIIz  digital  scope  at  antenna  position  of  24.5cm 
separated  from  beam  entrance,  is  shown  in  fig.l.  The 
carrier  frequency  is  about  400  MIIz  so  that  its  phase 
is  very  crowded,  but  phase  continuity  is  proved. 


2.  THEORY 

We  start  first  to  consider  the  interaction  be¬ 
tween  an  electron  and  an  high  frequency  electric  field 
and  to  consider  also  the  trajectory  of  the  electron  mor- 
tion  from  its  initial  straight  line  to  moderate  curve  by 
renormalization  technique,  which  was  initially  used 
by  Weinstock^*^,  Kono-Ichikawa^^).  They  derived  a 
Green’s  function,  however,  their  diffusion  coefficient 
degenerate  to  that  of  quasi-linear  theory,  when  the 
coherent  interactions  in  the  same  wave  number  are 
considered.  Then  as  an  idea,  we  used  here  a  Gaussian- 
type  Green’s  function  in  the  real  space,  which  was 
utilized  by  Hortonf*^)  in  his  discussion  of  ion-acoustic 
turbulence. 

Now  our  set  of  fundamental  equation,  which  in¬ 
cludes  the  transform  of  the  Green’s  function,  is  as  fol¬ 
lowing  ;,  where  the  G{k,v ,v’ ,  uj’),  D,y(fc,u), 
Eq.(A;,u,w)  are  the  Green’s  function,  the  diffusion  co¬ 
efficient  in  velocity  space,  and  the  self-energy  term  re¬ 
spectively.  For  beam  distribution,  f^\k' ,v' ,La'),  the 
6-function  is  used. 


Time  (xIO^  ns) 


Figl.  The  upper  hybrid  solitary  wave  detected 
by  2-GHz  sampling  oscilloscope  is  shown.  Ca- 
rier  frequency  of  the  solitary  wave  is  ~400MHz, 
Gas  pressure  of  5.3 x  10“''Torr  Ar  is  used. 
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G{k,v,w\k'  ,v' 

m=:0  '  ' 

^ _  ki{y  —  V  ){kj{v  —  i)  )j  ^ _  kikj  Dij (^k,  v) 

4kikiDij(k,v)  ’  ~  12 


=z  k  ■  V 


4kikjDij{k,v)  ’  12 

D,.{k,v)  =  (^)^Y2  /  ^^^^\Eiku^i)fG^{k-kuV,k-v-wuk\v',u:>)6^l^.Siu:-u') 

J  Ki  ' 

E{k,oj)  =  J  dv  j  dv'  j  -~^Ga{k,v,u)]k'  ,v'  ,u)')fi°\k'  ,v'  ,w') 

fa(k,v,u)  =  j  dv'Ga(,k,v,u);k'  ,v'  ,ui')-f^°'>{k'  ,v'  ,w') 

L^(k,v,w)=  =(^)2'£j^E(ki,ui)-£{G.(k-k:,v,kv-uj,)E(-k,,-u,0-£} 

To  solve  the  above  equation  with  respect  to  the  VVe  assumed  first  that  |E(fci, wi)p=|E|^  =constant, 
electric  field,  VVe  used  only  nn=0th  term,  which  is  the  then  we  get  an  equation  for  D,y  or  y.  At  a  working 
most  important  one,  and  we  put  emphasis  on  the  co-  point  of  y~^=0.0344,  ImFi=0,  then  we  calculate  the 
herent  interaction  with  the  same  wave  number,  i.e.,  Eq.  Finally,  we  get  E(Aj,t)  by  inverse  transformation. 
ki=k,  so  the  self  energy  term  is  great  importance.  Thus  the  following  results  and  the  fig.2  are  obtained. 
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Fig.2.  An  example  of  the  theoretical  results  is 
shown.  So  called  chirping  (frequency  modula¬ 
tion)  is  seen,  as  in  the  optical  soliton  in  the 
glass  fibres,  which  originates  in  Kerr-cjject. 
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1.  Introduction 

When  a  XeCl  excimer  laser  beam  was  focused  in 
a  high-pressure  argon  gas  from  3  to  150  atm,  a  high 
temperature  and  dense  plasma  developed  not  only 
backward  but  also  forward.'^  The  forward  development 
mechanism  taking  into  account  the  self-focusing  effect 
of  the  laser  light  by  plasma  was  proposed.^'  Recently  the 
mechanisms  for  self-focusing  effect  have  been  studied. 
Then,  the  physical  properties  of  the  laser  produced 
plasma  were  examined.  The  electron  density  of  laser 
induced  plasma  was  observed  by  a  laser  interferometer. 
It  was  found  that  an  extremely  dense  plasma  with  an 
electron  density  of  the  order  of  10^’  m'^  was  produced. 

2.  Experimental  arrangement 

A  XeCl  excimer  laser  with  a  maximum  power  of 
17  MW,  a  wavelength  of  308  nm  and  a  full  half-width 
of  30  ns  is  focused  at  the  center  of  a  gas  chamber  by  a 
lens  with  a  focal  length  of  40  mm.  The  output  power  of 
laser  radiation  is  controlled  by  an  optical  filter.  As  the 
laser  light  is  a  rectangle  of  1 1  X  24  mm,  the  focused 
laser  light  at  the  focal  spot  makes  an  ellipse  of  120  X  80 
M  m.  The  gas  chamber  is  made  of  stainless  steel  and 
has  an  outer  diameter  of  1 10  mm  and  a  length  of  140 
mm.  It  has  four  quartz  glass  windows  of  diameter  20 
mm  and  thickness  15  mm.  The  electron  density  of  the 
laser-produced  plasma  is  measured  by  a  Mach-Zender 
interferometer  using  an  Ar-Ion  laser. 


3.  Electron  density 

The  electron  density  of  laser  induced  plasma  is 
measured  by  the  Mach-Zender  interferometer.  The  time 
variation  of  interferometer  signal  is  shown  in  Fig.  1. 
When  the  gas  chamber  is  evacuated,  the  change  in 
interferometer  signal  is  not  observed.  The  number  of 
fringes  increase  as  the  pressure  increases.  But  it  is  diffi¬ 
cult  to  find  out  a  turning  point  in  the  fringe  pattern  at 
which  the  electron  density  reaches  a  maximum.  There¬ 
fore,  the  peak  electron  density  is  estimated  by  extrapo¬ 
lating  the  observed  electron  density  up  to  the  time  when 
the  excimer  laser  pulse  is  terminated. 


Fig.  1  Examples  of  interferometer  signals. 

Pressure  dependence  of  peak  electron  density  at 
the  focal  spot  is  shown  in  Fig.  2.  The  broken  line  in  Fig. 
2  indicates  the  initial  gas  atom  density.  The  electron 
density  increases  with  increasing  pressure.  When  the 
laser  power  is  1 5  MW,  the  plasma  is  almost  in  a  fully- 
ionized  state  from  3  to  150  atm.  The  dense  plasma  with 
an  electron  density  of  the  order  of  10^^  ~  10^^  m'^  is 
produced.  However,  at  the  higher  pressure  the  electron 
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density  saturated  and  the  degree  of  ionization  decreases. 
Because  the  electron  temperature  decreases  by  collision 
with  the  surrounding  gas  and  the  number  of  recombina¬ 
tion  increases.  To  find  out  why  the  electron  density 
decreases  with  increasing  pressure,  the  electron  density 
is  calculated  from  the  rate  equation  involving  the  colli¬ 
sion  ionization  and  the  two-electron,  three-body  recom¬ 
bination  processes.  The  electron  density  calculated 
assuming  a  constant  electron  temperature  saturates  with 
increasing  pressure,  and  agrees  qualitatively  with  the 
experimental  results. 


Fig.  2  Observed  electron  densities  vershs  pressure; 
The  broken  line  shows  the  initial  atom  density. 


Fig.  3  Experimental  values  of  electron  densities  ver¬ 
sus  laser  power. 


The  dependence  of  the  electron  density  at  the  focal  spot 
on  the  laser  power  is  shown  in  Fig.  3.  The  electron 
density  increases  rapidly  and  saturates  with  increasing 
laser  power.  The  slope  of  curve  at  the  higher  laser 
power  in  Fig.  3  is  bigger  as  the  pressure  increases.  The 
dependence  of  the  electron  density  on  laser  power  is 
calculated.  At  the  lower  laser  power,  the  electron  den¬ 
sity  increases  rapidly  with  increasing  laser  power.  The 
rate  of  increase  in  the  electron  density  on  the  laser 
power  is  bigger  with  increasing  pressure. 

4.  Conclusion 

When  a  XeCl  excimer  laser  beam  was  focused  in 
a  high-pressure  argon  gas  from  3  to  150  atm,  a  high 
temperature  and  dense  plasma  developed  not  only 
backward  but  also  forward.  The  electron  density  of  laser 
induced  plasma  was  measured  by  the  Mach-Zender 
interferometer.  When  the  laser  power  was  15  MW,  the 
electron  density  was  proportional  to  the  pressure  and 
fully-ionized  state  was  almost  achieved  up  to  150  atm, 
however  the  electron  density  saturated  and  the  degree  of 
ionization  decreased  as  the  laser  power  decreased.  It 
was  found  that  the  dense  plasma  could  be  produced 
relatively  easily  when  the  ultraviolet  laser  beam  focused 
in  a  high-pressure  gas. 
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1.  Introduction 

This  paper  deals  with  an  experimental  and  theoretical 
investigation  of  the  sharp  directed  electromagnetic 
radiation  generated  during  an  interactions  of  an  electron 
beam  with  plasma  in  presence  of  an  electromagnetic 
wave  of  laser  radiation.  As  it  had  been  found  in  [1-3]  a 
generation  of  subnanosecond  dense  micro  beams  of 
electrons  and  ions  as  well  as  a  generation  of  an 
electromagnetic  radiation  opposed  to  laser  beam  occur 
in  laser-spark  discharge  in  air.  In  some  experiments  the 
intensity  of  this  radiation  was  so  high  that  under  its 
penetration  in  Nd-YAG  laser  resonator  the  latter  was 
destroyed.  Some  different  mechanisms  for  an 
electromagnetic  waves  generation  by  beam  -  plasma 
interactions  are  possible  [4].  We  will  consider  only  two 
following  : 

-  a  resonance  transition  radiation  from  beam  -  plasma 
interactions[5]; 

-  a  reflected  laser  beam  radiation  with  frequency  and 
intensity  multiplication  at  moving  front  of  plasma  or  by 
an  accelerated  electron  and  ion  beams  [6]. 

2. The  Resonance  Transition  Radiation 

During  interaction  of  an  intense  laser  beam  with  a 
metallic  target  as  it  had  been  found  in  [7]  an  injection  of 
power  electron  beam  with  an  extremely  high  current 
density,  takes  place.  Also  in  [1-3]  electron  emission 
current  density  in  laser-produced  plasma  was  measured 
of  order  of  310'°  A/cm^  .  According  to  [8]  a  stationary 
standing  periodic  Langmuir  wave  (SPLW)  can  be 
formed,  when  an  electron  beam  interacts  with  a  plasma. 
The  plasma  with  a  SPLW  presents  a  periodic 
inhomogeneous  medium.  Hence  a  resonance  transition 
radiation  occurs  under  conditions  when  an  electrons 
move  with  a  velocity  of  Vt,«c  through  this  medium,  we 
can  provided  that  following  is  fulfiled  [10]: 

[l-(V|,/c)So''^  cos0](ffl/V(,)=27tr/L.  (1) 

Here  r  is  a  number  of  harmonic;  0  is  an  angle  between  a 
direction  of  emitted  quantum  with  frequency  co  and  a 
velosity  vector  v,,  which  is  directed  along  an  axis  z;  c  is 
a  velocity  of  light,  L  is  a  period  of  inhomogeneity  in  the 
medium;  e„  is  a  dielectric  permeability.  The  resonance 
condition  (1)  does  not  depend  on  an  existence  of  an 


external  magnetic  field  along  the  axis  z  [9].  Besides  we 
can  assume  that  a  magnetic  field  H  can  exist  and 
satisfies  the  inequality  co  »  cDh  (cOh  =  eH/m,c  is  a 
electron  cyclotron  frequency).  The  variation  of  an 
electron  density  averaged  by  -  high  frequency 

oscillations  in  SPLW  is  determined  by  [8]: 

5n/np=  -  (4vK/l)^  cn'  (4K^/l,v),  ^=(2/3)'"  tJX,  ,  (2) 

where  Op  is  an  ambient  electron  density;  cn  is  an  elliptic 
Yacobi  function  with  the  modules  v;  -the  Debye 
lenght  ;  l=4K[(2v^  -l)/(Q-t-a)]''^  -the  dimensionless 
period  of  solution;  Q=4K(K-2E)/1^  ;a=8KB(v/l)’.  K,E,B 
-the  full  elliptic  integrals  (K’=K[(l-v^)'"];  cOp,  -the 
electron  plasma  frequency.  Formula  (2)  at  0.5  <v^  <  1, 
2K(v)«l  is  valid.  Under  v^  sO.5  we  have:  a=27t/l, 
cn\au,v)»0.5  [cn(2au,v)+ 1  ]. 

Let  us  expand  cn(2au,v)  in  Fourier  series: 
cn(2au,v)=(27i/vK)Lb„  cos  [(2n+l)2a^];  u=2K^/7t; 
b„=exp[-(2n+ 1  )7tK72K]/{  1  +exp[-(2n+  l)7cK  /K] } , 

We  can  consider  only  the  first  term  of  this  series  in  the 
first  approximation  .  Then  for  tensor  of  dielectric 
permeability  we  can  write  the  following  expression  [5]: 

E|  ig  0  E,  «  £2=  Eo  -Acos(27iz/L), 

S=  -ig  E,  0  Eo=l  -  [l+8(vK:/l)^]((Bp7{o)^ ;  (3) 

0  0  Ej  A  =  (16TcboVK/P)  (cOpj/co)^ . 

Where  L=  (3/8)''^  ;  g*  ( cOpV  co)  ^  (  cOh  /  co)  «  L 

In  this  case  we  can  calculate  an  energy  of  resonance  tran¬ 
sition  radiation  for  the  time  x  in  the  frequency  range 
(co,  (0  +  dco)  per  one  particle  by  using  the  formula  [9]: 

dl^,  =  (eVx/c^)  (odcoXj\(D)5[cos0-  c/(ve  q'  '^) 

+(2nrc/LcDEo''^)]sin''0d0,  (4) 

D=LcoA/  (47cc  Eq'''^  COS0). 

Here  J,(D)  is  a  r-order  Bessel  function.  The  angle  of 
emission  for  different  frequencies  is  given  by  the 
expression  (1).  With  the  help  of  (1)  one  can  determine 
the  interval  of  emitted  frequencies  by  taking  into 
account  that  |  cos0  |  <  1.  The  quanta  with  frequencies  co 
>  C0mi„=27i  vr/L/(l+v/c)  of  the  first  harmonic  (r=l)  give 
the  most  contribution  to  the  intensity  of  radiation  [9]. 
As  it  follows  from  (4)  (at  co  »c0p„  e  <  1)  the  total 
number  of  quanta  emitted  in  certain  frequency  interval 
(Vi  cOmin.  yi  c^min)  fcom  the  unit  volume  of  beam  plasma 
is  given  by  (in  [cm'-’]): 

N=!  .810-’  (l+Vp/c)npnp‘'’[(vKbo)Vl][Ti  T,/(T +T;)]’’’tA 
A=(y2-y,)[(Vi,/c)V(y2-yo)/(yi  -yo)  -  l/(yiy2)],  yo=l  +Vb/c, 
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where  nj,-  is  the  density  of  beam  particles  with  the 
velocity  v,,;  T|,j  (in  [eV])  -  ion  and  electron  temperatures 
respectively;  the  numbers  y,  <  have  to  satisfy  to  the 
inequality  y  »( 1 +c/V(,)/(27ir),  that  follows  from  the 
condition  of  the  quasiclassical  approximation  {’kl2n= 
c/co  «L).  In  [5]  a  possibility  of  the  resonance  transition 
radiation  detecting  on  the  background  of  the 
bremsstruhlung  had  been  shown  as  well  as  a  concrete 
recommendations  for  diagnostics  of  SPLW  (or 
parameters  of  beam-plasma  system)  had  been 
determined. 

For  a  future  detecting  of  transition  radiation  from 
relativistic  electron  beams  in  laser-produced  plasmas  we 
call  take  into  account  following  estimations.  For  plasma 
densities  of  order  of  10"-10^''  cm'^  X-ray  radiation  with 
wavelengths  in  the  range  of  10'®  -  10'®  cm  can  be 

generated  within  an  angels  0<  15°  (the  X  is  shorter 
when  the  beam  density  np  is  greater).  This  is  realized  in 
our  case  when  V|,kc,  v=0.75,  Sn/Op  =0.1, 
l»18,vK(v)bo«0.3,  L»10  Here  and  below  we  propose 
that  T|K  10-20  eV,  and  »T|  (so  the  Debye  length  is 
3  lOVnp'^^  [cm]),  co  »  n  c/L,  Eg  «1.  For  example 
with  the  following  values  :  np=10^'’  cm■^  0^=10'*  cm'^ 
(i.e.  j|,=5  lO'A/cm^-  the  density  of  relativistic  part  of 
electron  beam),  t=100  ps  we  receive  the  density  of 
emitted  X-ray  quanta  of  the  order  of  N  »  3  10’  cm'’  with 
CO  >10co„,i„  (i.e.  for  X<  60  A)  in  the  conic  angle  with  0< 
37  At  the  angle  of  0»37  °  we  can  detect  the  radiation 
of  quanta  with  an  energy  of  E,  »  200  eV.  So  for  a 
typical  value  of  our  small  beam  plasma  induced  by 
picosecond  laser  beam  in  volume  of  V~  lO'*  cm"’  [3] 
we  will  have  approximately  30  quanta.  These  can  be 
deteceted  by  X-ray  streak  camera  in  picosecond  range. 
Note,  that  considered  above  case  of  transition  radiation 
can  be  generated  in  beam  plasma  under  laser  spark 
discharge  during  SPLW  generation  by  part  of 
nonrelativistic  electron  beam  which  density  can  be  more 
higher  [1-3].  In  principal  if  one  will  use  two  and  more 
laser  pulses  for  plasma  channel  generation  it  may  be 
possible  to  accelerate  part  of  electrons  to  energy  E], 
»mc’,  and  hence  it  may  be  possible  to  produced  X-ray 
laser  on  base  of  dense  plasma  beam  system  [1 1]. 

3.  Reflected  Radiation 

It  is  well  known  that  under  reflection  of  light  from  the 
moving  mirror  the  double  Doppler’s  effect  takes  place: 
the  frequency  of  reflected  wave  increases  (to,  ~2ffl„/(l- 
p’),where  P=v„,/c,  v,„  is  a  velocity  of  mirror. 
Simultaneously  an  amplitude  increasing  ,  it  means  a 
total  energy  of  reflected  wave,  as  well  as  an  extreme 
shortening  of  radiation  pulse.  In  1951  it  had  been 
proposed  to  use  the  relativistic  electron  beam  (see  for 
example  [5])  as  a  moving  reflector.  For  realization  of 
this  multiplication  scheme  it  is  necessary  to  have  an 
extremely  high  electron  beam  density  : 


» 

a)pi,=(47ie’n|,/mj)''’  >  co',  where  <27  is  a  frequency  of 
electromagnetic  wave  recalculated  in  the  system  of 
coordinates  of  moving  beam  front.  As  it  was  shown  in 
[6]  this  anomalous  reflection  may  be  possible.  It  already 
was  confirmed  by  experimental  means  in  Khar’kov 
Institute  for  Physics  and  Technology  [6]  in  a  case  of 
reflected  front  of  dense  plasma  moving  with 
respectively  small  (nonrelativistic)  velocities  in  the 
medium  or  in  waveguide  of  slow  wave  (in  this  a  case 
in  the  relationship  for  a,  it  is  necessary  to  replace  c  on 
phase  velocity  of  such  wave,  Vp|,«c).  Namely  one  of 
this  situations  takes  place  in  our  case  when  the  reflected 
electromagnetic  pulse  was  so  intensive  that  a  laser 
resonator  was  destructed.  It  is  well  to  bear  in  mind  the 
well  known  from  electrodynamics  fact  that  along  an 
extended  inhomogenieties  of  index  of  refraction  it  is 
possible  a  propagation  of  waveguide  mode  [12]  (for 
example  slow  E-wave).  Laser  radiation  which 
propagates  throw  such  region  can  be  transformed  and 
reflected  by  moving  plasma  jet  (electron  beam).  So  we 
have  observed  and  explained  very  interesting  nonlinear 
phenomena  connected  with  transformation  of  laser 
radiation  into  slow  wave  and  reflection  (or  inversion)  of 
its  front  directly  back  by  moving  high  density  electron 
beam  under  self-focusing  of  laser  beam  and  micro-self¬ 
channeling  of  directed  energy  micro  flows  [13]  during 
laser  spark  discharge. 
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1.  Introduction 

High  power  laser  beam  focused  on  a  solid 
target  creates  a  hot  and  a  very  dense  plasma  in  a  high 
ionization  state.  Due  to  the  fast  expansion  the  plasma  is 
diluted  before  the  recombination  eradicates  all  the 
highly  ionized  ion  species.  Hence,  at  least  part  of  ions 
has  a  chance  to  conserve  the  charge  state  acquired  in 
the  hot  plasma  core  and  carry  it  at  a  considerable 
distance  away  from  the  focus.  There  the  ions  can  then 
be  either  investigated  by  means  of  particle  diagnostics 
or  they  can  be  transformed  in  an  ion  beam  suitable  for 
various  applications.  Intense  studies  of  laser-plasma  ion 
sources  LIS  at  present  are  motivated  mainly  by  the 
growing  demand  for  high  current  beams  of  multiply 
charged  heavy  ions  for  large  accelerators  e.g.  [1],  [2]. 
LIS  can  also  be  utilized  for  various  technological 
purposes,  like  for  a  material  modification,  ion 
implantation,  laser  mass  spectrometry  etc.  The  subject 
of  optimization  of  laser-plasma  sources  of  multicharged 
ions  are  the  maximum  flux,  energy  and  charge  states  of 
ions. 

The  main  goal  of  our  investigations  is  to  find 
conditions  in  which  laser  created  plasma  can  be  used  as 
a  stable  source  of  highly  ionized  ions  for  various 
applications. 

2.  Experimental  arrangements 

The  investigations  presented  in  this  paper 
were  prformed  using  experimental  systems  at  IP  ASCR 
in  Prague,  Czech  Republic  and  of  IPPLM  in  Warsaw, 
Poland.  As  a  driver  the  iodine  laser  PERUN  at  IP 
ASCR  was  used  (A,  =  1.1315  pm,  El  <  50  J,  t  =  350- 
700  ps,  II  ~  10‘^  W/cm^,  conversion  to  the  2nd  and  3rd 
harmonics  about  50%)  [3].  The  laser  beam  was  focused 
onto  the  target  with  a  parabolic  mirror.  The 
experimental  system  at  the  IPPLM  in  Warsaw  was 
equipped  with  Nd:glass  laser  (?l  =  1.06  pm, 
El<20J,  tL  =  Ins,  II  <  10'‘’W/cm-)  [4].  An 
aspherical  lens-ellipsoidal  mirror  illumination  system 
was  used  to  focus  the  laser  beam  onto  the  target.  The 
use  of  parabolic  or  ellipsoidal  mirrors  with  the  hole  in 
the  center  allows  for  ion  measurements  along  the  laser 
beam  axis  as  well  as  target  normal  [5].  This 
configuration  makes  possible  to  extract  a  high  current 


of  multicharged  and  high  energy  ions  in  preference. 
The  ion  diagnostic  techniques  were  based  essentially  on 
the  time-of-flight  method  [6].  A  cylindrical  electrostatic 
ion  energy  analyzer  (lEA)  with  a  windowless  electron 
multiplier  was  used  to  determine  the  distribution  of 
particular  ion  species  i.e.  to  determine  the  mass-to- 
charge  ratios,  energies  and  abundance.  The  ion 
collectors  (IC)  measures  a  time-resolved  ion  current 
signal,  from  which  the  energy-charge  product  and  total 
charge  carried  by  ions,  as  well  as  the  ion  velocity 
(energy)  can  be  derived.  Ion  current  pulses  from  the  IC 
and  lEA  were  recorded  by  digitizing  oscilloscopes.  To 
speed  up  the  evaluation  of  lEA  spectra  the 
computational  program  WELAN  was  used  [7]. 

3.  Results 

The  aim  of  our  experiments  was  to  test  the  conditions 
for  obtaining  maximum  current  of  highly  charged 
heavy  ions  at  various  experimental  conditions,  i.e.,  we 
varied  the  focus  position  versus  target  surface,  laser 
wavelength  (Ico,  2cb,  3cq)  and  laser  energy  from  5  to 
40  J. 
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Fig.  1.  Ion  collector  signal  and  IE  A  ion  spectrum  of  Ta 
ions 
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Fig.  2.  Energy  distributions  of  Ta  ions. 


Typical  examples  of  1C  signal  and  lEA 
spectra  with  highly  charged  ions  are  presented  in 
Fig.  1 .  The  structure  of  the  collector  signal  points  of  the 
existence  of  two  (or  more  in  other  cases)  distinct  ion 
groups,  corresponding  to  different  mechanisms  of  their 
generation.  Signals  from  lEA  show  the  ion  spectrum  of 
ions  for  a  given  value  of  E/z  =  80  keV  ).  The  series  of 
measurements  with  E,/z  changing  was  necessary  for 
obtaining  the  ion  energy  distribution  for  single  value  of 
laser  energy.  Example  of  the  ion  energy  distribution  is 
presented  in  Fig.  2.  The  charge  state-ion  energy 
dependence,  average  charge  state  as  a  function  of  the 
ion  energy,  and  the  percentage  abundance  of  ion 
species  were  determined  on  the  basis  of  Fig.  2.  A 
typical  group  of  highly  charged  ions  appears  at  higher 
E/z,  it  is  pronounced  at  higher  laser  power  densities. 
The  maximum  energy  of  ions  increases  with  the  laser 
power  density.  The  ions  with  high  charge  state  were 
found  at  all  laser  wavelengths  within  a  relatively  broad 
range  of  laser  energies.  Examples  of  the  experimental 
results  for  different  target  materials  [8]  are  presented  in 
the  Table  : 


than  the  1C  current.  There  is  a  position  of  the  target 
lying  behind  the  true  focus  (aim  in  front  of  the  target 
surface)  which  is  most  favourable  not  only  for 
generation  of  the  highly  ionized  particles  but  also  for 
attaining  a  maximum  yield  of  the  ions. 

4.  Summary  and  conclusion 

The  present  results  proved  the  existence  of 
highly  charged  ions  with  z  >  50  in  a  far  expansion 
zone.  The  highest  ion  energy  up  to  about  9  MeV  as  well 
as  maximum  ion  current  density  higher  than 
~  20  mA/cm^  (in  the  distance  about  1  m)  were 
measured.  The  influence  of  the  focal  spot  position  on 
the  maximum  charge  state  and  ion  current  density  was 
stated.  Extraction  of  ions  perpendicularly  to  the  target 
my  improved  the  ion  current  density,  for  three  times,  at 
least  [9]. 

Explanation  of  occurrence  of  the  highly 
charged  ions  in  a  far  expansion  zone  may  be  based  on 
the  mechanism  of  two  temperature  plasma  expansion. 
With  the  two  groups  of  electrons  present  the  expansion 
is  two  fold.  The  expansion  of  the  fast  ion  group  is  lead 
by  the  fast  electrons.  The  ion  with  high  charge  states 
are  guided  through  the  dangerous  recombination  zone. 
This  enhance  the  phenomena  of  charge  state  ,ffreezing” 
and  the  ions  originally  present  in  the  hot  plasma  corona 
survive.  Shorter  wavelength  (<1.315  pm)  and  shorter 
pulse  length  (<  1  ns)  are  appropriate  for  this  purpose. 
The  advantage  of  using  a  short  intense  pulse  consists  in 
its  ability  to  produce  keV  plasma  with  small  density 
gradient  scale  length. 

The  laser  produced  plasma  can  serve  as  a 
potential  source  of  ions  for  accelerator  injection  or  for 
implantation.  Construction  of  appropriate  laser  ion 
sources  seems  not  be  a  principal  but  rather  a 
technological  problem. 
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Bi 

51 
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5.1 

2.7 

10.0 

The  ion  yield  depends  strongly  on  the  focusing 
conditions.  The  optimum  focus  setting  is  defined  as  the 
focus  position  corresponding  to  the  maximum  ion 
current  from  the  IC  and  to  the  highest  charge  state 
from  the  lEA.  1  was  observed  that  the  maximum  charge 
state  of  the  ions  depends  weaker  on  the  focus  setting 
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n-178 

n-180 

IV-240 

IV-248 

Pancheshnyi  S.V. 

IV-48 

Panciatichi  C. 

11-214 

Pardo  C. 

n-112 

Paris  P. 

rv-32 

Parizet  M.J. 

11-96 

Parys  P. 

IV-272 

Pashkovsky  V.G. 

11-162 

Passoth  E. 

n-8 

Fauna  0. 

1-166 

Pavlenko  V.N. 

1-232 

11-178 

11-180 

IV-240 

IV-248 

Pavlik  J. 

IV- 128 

Pavlik  M. 

IV-250 

Pavlov  V.B. 

III-88 

Pawelec  E. 

11-122 

Pealat  M. 

IV-216 

Pechacek  R. 

11-30 

Pedoussat  C. 

11-252 

Pejovic  M.M. 

11-46 

rV-178 

Pekarek  S. 

1-266 

Pellerin  S. 

11-122 

Pelletier  J. 

IV-230 

Peres  G. 

11-254 

Ferret  C. 

11-256 

Perrin  J. 

IV- 190 

Peska  L. 

11-78 

11-82 

Petit  L. 

III-98 

Petrov  G. 

11-266 

Petrov  O.F. 

1-176 

1-178 

Petrov  T. 

11-130 

Petrovic  Z.Lj. 

1-34 

1-98 

11-44 

11-46 

IV-42 

IV- 178 

Peyrous  R. 

1-268 

III-84 

IV- 180 

Pfau  S. 

11-38 

11-40 

Phelps  A.V. 

11-48 

Piejak  R. 

IV-76 

Pierre  Th. 

11-164 

11-170 

Pierson  J.F. 

IV- 198 

Pignolet  P. 

11-42 

Pinheiro  M.J. 

IV-232 

1-124 

Pintassilgo  C.D. 

1-102 

Pitchford  L.C. 

I- 100 

11-56 

11-252 

III-42 

in-70 

III-86 

Placinta  G. 

IV-242 

Pogora  V. 

11-138 

Pointu  A.M. 

11-50 

11-52 

Pokrzywka  B. 

11-122 
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Ponomarev  N.S. 

1-36 

11-54 

Popa  G. 

11-66 

lV-242 

Popescu  A. 

11-118 

11-188 

Popescu  LI. 

11-50 

11-52 

Popov  A.M. 

11-28 

Popov  N.A. 

1-88 

Poppe  F. 

ni-38 

Porokhova  LA. 

II-4 

II-6 

11-62 

Porras  D. 

III-60 

Postel  C. 

1-270 

Potanin  E.P. 

IV- 106 

Potapkin  B.V. 

IV-224 

Pousse  J. 

11-126 

Pouvesle  J.M. 

III-30 

III-32 

in-44 

Praessler  F, 

1-146 

Prazeller  P. 

1-260 

Proshina  O.V. 

1-88 

11-234 

Protuc  1. 

11-138 

Proulx  P. 

11-206 

Puech  V. 

1-270 

Punset  C. 

III-42 

Purwins  H.G. 

11-182 

R 

Rabehi A. 

IV-44 

Rahal  H. 

1-22 

Rahel  J. 

IV-250 

Rakhimov  A.T. 

1-86 

1-88 

Rakhimov  A.T. 

11-28 

11-234 

III-40 

Rakhimova  T.V. 

1-86 

1-88 

1-182 

11-28 

11-234 

III-40 

Ravary  B. 

11-124 

Raynaud  P. 

1-148 

III-74 

Razafinimanana  M. 

11-88 

11-120 

11-126 

11-136 

Redon  R. 

IV-116 

Reess  T. 

11-250 

Remscheid  A. 

IV- 148 

Remy  M. 

IV-244 

Revel  1. 

11-56 

Riad  H. 

11-106 

Ricard  A. 

1-168 

IV-66 

IV- 198 

IV-200 

IV-210 

Richou  J. 

1-174 

IV-116 

Rivaletto  M. 

11-42 

Robert  E. 

III-30 

in-32 

Robin  L. 

IV- 152 

Robson  R.E. 

1-52 

1-54 

Roca  i  Cabarrocas  P. 

IV-204 

Rodriguez-Yunta  A. 

n-112 

Rohlena  K. 

IV-272 

Rohmann  J. 

11-38 

11-40 

Romeas  P. 

1-186 

Rosatelli  C. 

11-176 

Rosenfeld  W. 

in-44 

Rosenkranz  J. 

1-266 

Rosum  I.N. 

11-178 

11-180 

Roth  M. 

1-212 

Roussedu  A. 

IV-92 

Roussel  J, 

IV- 130 

Roussel-Dupre  R.T. 

III-6 

in-8 

III- 10 

III- 12 

in-52 

Rovtar  J. 

IV- 162 

Rozoy  M. 

1-270 

Rozsa  K. 

11-64 

Rudakowski  S. 

IV- 148 

Rudnitsky  V.A. 

1-38 

Rukhadze  A. A. 

1-172 

in-46 

III-88 

Rulev  G.B. 

1-86 

Rusanov  V. 

IV-222 

Rusanov  V.D. 

IV-224 

Rusnak  K. 

IV-258 

Rutkevich  1. 

1-234 

1-236 

Ryazantsev  E.I. 

IV-224 

Rybakov  A.B. 

IV-138 

Rybakov  V.V. 

1-240 

s 

SaP.A. 

1-90 

Sabonnadiere  M.P. 

1-48 

Sabotinov  N. 

11-130 

Sadeghi  N. 

1-150 

1-152 

IV-202 

IV-246 

Saenko  V.A. 

1-38 

IV- 182 

IV-248 

Saidane  K. 

11-126 

Sakai  T. 

IV- 16 

Sakai  Y. 

1-92 

Sakamoto  S. 

IV- 186 

Salabas  A. 

n-118 

Salamero  Y. 

1-104 

Samarian  A. 

1-184 

Sando  K. 

1-164 

Sanduloviciu  M. 

11-172 

11-184 

11-186 

11-188 

n-190 

Sapozhnikov  A.V. 

1-138 

Sarrette  J.P. 

1-254 

n-160 

Sarroukh  H. 

III-24 

Sarytchev  D.V. 

11-26 

Sasada  T. 

IV- 132 

Sato  K. 

IV-118 

Sato  S. 

1-242 

Sato  T. 

1-164 

Sat  oh  H. 

1-238 

n-58 

Satoh  K. 

11-260 

Saulle  C. 

III-46 

Savinov  V.P. 

1-108 

Savjolov  A.S.- 

11-24 

11-26 

IV- 112 

Sayler  G.S. 

III- 102 

Scheibe  H.J. 

11-128 

Scheibner  H. 

IV- 188 

Schein  J. 

11-132 

Scheiring  Ch. 

1-84 

Scherbakov  Yu.V. 

11-210 

Schepe  R. 

1-40 

Scheubert  P. 

11-202 

11-204 

Schimke  C. 

m-34 

IV- 108 

Schmidt  E. 

III-48 

Schmidt  M. 

IV- 196 

Schmoll  R. 

IV- 164 

Schopp  H. 

11-114 

IV- 108 

Schram  D.C. 

n-108 

ni-62 

in-63 

III- 108 

IV-254 

Schruft  R. 

1-264 
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Schulze  J. 

11-130 

Simek  M. 

1-72 

Stoykova  E. 

1-160 

III-48 

IV- 14 

1-162 

III-50 

IV-80 

Strelkov  P.S. 

III-46 

Schumann  J. 

11-118 

Simko  T. 

11-64 

Strinic  A. I. 

IV-42 

Schumann  M. 

11-132 

IV- 184 

Suchaneck  G 

1-146 

Schwarzenbach  W. 

1-150 

Simonet  F. 

III- 16 

Sugawara  M. 

1-96 

IV-202 

Singaevsky  I.F. 

1-108 

1-164 

Segui  Y. 

1-148 

Singh  D.P. 

1-44 

n-68 

in-74 

1-154 

Suginuma  Y. 

IV-40 

Segur  P. 

11-260 

11-60 

Sukhinin  G.I. 

1-46 

IV-44 

Singh  N. 

11-136 

1-198 

Selen  L.J.M. 

III- 108 

Sirghi  L. 

11-66 

Sukhomlinov  V.S. 

IV- 170 

Sends  M.L. 

1-48 

Si-Serir  F. 

n-244 

IV- 172 

III-26 

Skalny  J.D. 

IV-250 

Sultan  G. 

IV-232 

IV-52 

Skbwronek  M, 

1-186 

Sunarchin  A.A. 

IV-262 

Sergeichev  K.F. 

11-196 

Skrynnikov  A.V. 

IV-256 

Sunka  P. 

1-248 

Serianni  G. 

11-262 

Skvortsov  V.A. 

III- 14 

IV- 14 

IV- 134 

IV-270 

Supiot  P. 

IV- 142 

Servant  S. 

11-92 

Slavicek  P. 

1-128 

SurdaV. 

IV-8 

Sery  M. 

1-130 

rV-226 

Sychov  I.A. 

n-194 

IV-228 

Smakhtin  A.P. 

1-240 

11-196 

Sewraj  N. 

1-104 

Smirnov  V.V. 

1-42 

Symbalisty  E. 

in-8 

Shakhatov  V.A. 

1-16 

IV- 136 

III- 10 

1-42 

Smurov  I. 

1-80 

in- 12 

IV- 136 

Snell  J. 

11-14 

in-52 

Sharafutdinov  R.G. 

IV-256 

Snyder  D.B. 

n-146 

Sharkov  B. 

1-212 

Solntsev  I.  A. 

11-208 

T 

Shibamoto  M. 

IV- 186 

Solonin  V.V. 

11-174 

f 

Shibkov  V.M. 

1-44 

Sonnenschein  E. 

1-234 

Tabbal  M. 

1-166 

1-154 

Sorokin  A.V. 

11-166 

1-168 

11-60 

n-168 

Taddei  F. 

n-214 

Shibkova  L.V. 

1-44 

Soukup  L. 

IV-226 

Takamura  S. 

1-196 

1-154 

IV-228 

Takayama  K. 

IV- 144 

11-60 

Soulem  N. 

ni-84 

IV- 186 

Shimizu  K. 

IV-62 

Spector  N.O. 

11-94 

Talsky  A. 

IV-160 

Shiozaki  A. 

1-144 

Spyrou  N. 

ni-84 

Tamme  D. 

1-40 

Shiratani  M. 

IV- 190 

IV-180 

Tanaka  H. 

1-230 

Stacewicz  T. 

1-82 

Tanaka  K. 

1-228 

Shivarova  A. 

1-156 

Stamate  E. 

IV- 140 

Taniguchi  K. 

11-198 

1-158 

Stan  C. 

11-188 

Taranenko  Y. 

ni-8 

11-192 

Stanciu  T. 

n-138 

III- 12 

Shkol’nikS.M. 

1-12 

Stanojevic  M. 

IV- 162 

III-52 

11-134 

Starikovskaia  S.M. 

IV-48 

Tarnev  Kh. 

1-158 

III- 104. 

IV-50 

Tatarova  E 

1-122 

IV-138 

IV-58 

1-160 

Shkvarunets  A.G. 

III-46 

Starikovskii  A. Yu. 

rv-48 

1-162 

Short  K. 

IV- 194 

IV-50 

Tcheremiskine  V.I. 

1-48 

Si-Bachir  M. 

IV-264 

IV-58 

IV-52 

Sicha  M. 

1-130 

Stark  R. 

11-52 

Tchuyan  R.K. 

11-268 

IV-226 

Steel  W.H. 

1-192 

Teboul  E. 

IV-92 

IV-228 

1-194 

Telbizov  P. 

11-130 

Siegel  R. 

1-62 

Stefanovic  I. 

n-44 

Telegov  K.V. 

n-240 

Sigeneger  F. 

11-62 

Stefka  J. 

n-78 

Tendys  J. 

IV- 194 

Sigmond  R.S. 

IV-34 

Stepanov  V.A. 

1-208 

Terai  K. 

in-82 

Sigov  Y.S. 

1-220 

11-174 

Tereshkin  S.A. 

11-94 

Silakov  V.P. 

1-138 

StockI  C. 

1-212 

Tesar  C. 

IV-98 

IV-110 

Stojanovic  V.D. 

1-34 

Tessier  P.Y. 

in-90 

Stojilkovic  S.M. 

1-28 

Teuner  D. 

11-130 

TTT  /10 

ni-48 
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Theroude  C. 

11-254 

Van  de  Grift  M. 

1-152 

Thomann  A.L. 

IV-252 

IV-246 

Thomaz  J. 

IV-232 

Van  de  Sanden  M.C.M 

.  IV-254 

Tichonov  M.G. 

IV-262 

Van  der  Mullen  J.A.M.  11-108 

Tichy  M. 

IV-226 

III-62 

Tiirik  A. 

IV-32 

III-63 

Timofeev  N.A. 

in-54 

in-108 

in-56 

Van  Dijk  J. 

III-63 

Tioursi  M. 

IV-96 

Van  Egmond  C. 

III-38 

IV- 166 

Van  Ootegem  B. 

1-218 

Toader  E.I. 

IV-151 

Vardelle  A. 

11-158 

Toedter  0. 

IV-54 

Vardelle  M. 

11-158 

IV-56 

Vaselli  M. 

1-44 

Tokumasu  H. 

1-228 

1-154 

Toma  M. 

11-190 

11-60 

Tominaga  K. 

IV-266 

Vasenkov  A.V. 

1-56 

Tonegawa  A. 

IV- 144 

IV-256 

IV- 186 

Vasilieva  A.N. 

ni-76 

Torchinskii  V.M. 

1-178 

Vaulina  0. 

1-184 

Tous  M. 

IV-226 

Vayner  B.V. 

11-146 

Touzeau  M. 

11-70 

Veis  P. 

III-98 

11-72 

Veklich  A.N. 

n-154 

IV-46 

Velleaud  G, 

11-92 

IV- 160 

IV-74 

Tramontin  L. 

11-262 

Verdes  D. 

IV-242 

Trepanier  J.Y. 

1-50 

Vereshchagin  K.A. 

1-42 

Treshchalov  A. 

m-iio 

IV-136 

Trinquecoste  M. 

IV-236 

Vervisch  P. 

1-218 

Trusca  A. 

n-140 

11-238 

Tsuda  N. 

IV-268 

IV- 152 

Tsuda  S. 

1-142 

Vervloet  M. 

III-74 

Tsukabayashi  1. 

1-242 

Vesselovzorov  A.N. 

III-78 

Tsvetkov  T.S. 

11-192 

Vialle  M. 

n-70 

Turban  G. 

11-212 

11-72 

m-74 

Videlot  H. 

IV- 190 

in-90 

Videnovic  I.R. 

IV- 146 

Viel  V. 

IV- 130 

u 

Vikharev  A.L. 

1-272 

1-274 

Udrea  M. 

n-50 

Viladrosa  R. 

ni-30 

Ueda  Y. 

1-136 

III-32 

Uhlenbusch  J. 

n-226 

III-44 

Uhrlandt  D. 

11-74 

Vill  A. 

m-110 

Ukai  M. 

1-74 

Vitel  Y. 

1-188 

Ulyanov  D.K. 

ffl-46‘ 

1-190 

Ulyanov  K.N. 

n-142 

Vivet  F. 

1-200 

n-144 

Vizgalov  I.V. 

n-26 

Uneyama  T. 

IV-118 

Vlcek  J. 

IV-258 

Ustalov  V.V. 

IV-240 

Vogel  N.I. 

ni-14 

Ustinov  A.L. 

n-162 

IV-270 

Uteza  O. 

m-26 

Voitik  M. 

ni-26 

Vovchenko  E.D. 

IV- 112 

V 

Vrba  P. 

n-264 

Vacquie  S. 

n-120 

Vrhovac  S.B. 

n-44 

n-126 

Vul  A.Ya. 

III-54 

Valentini  H.B. 

n-202 

III-56 

Vallee  C. 

in-74 

Vallone  F. 

IV- 134 

Van  Bever  T. 

1-106 

W 

Wachutka  G. 

n-204 

Wakabayashi  Y. 

n-58 

Wang  Yicheng 

1-68 

Watanabe  T. 

1-244 

Watanabe  Y. 

1-170 

Wautelet  M. 

IV-210 

Wendt  R. 

IV-36 

Wetzig  K. 

1-146 

White  R.D. 

1-52 

1-54 

Wieme  W. 

1-20 

Wiesemann  K. 

IV-148 

Wilke  C. 

n-74 

n-200 

IV- 188 

Winkler  R. 

11-62 

n-266 

in-58 

Wiolland  R. 

ffl-46 

WolfO. 

1-264 

Wolowski  J. 

IV-272 

Woryna  E. 

IV-272 

Wujec  T. 

n-110 

Wuttmann  M. 

1-118 

Wyndham  E. 

n-12 

ni-28 

Y 

Yagi  Y. 

IV- 134 

Yamada  J. 

rv-268 

Yamada  K. 

1-74 

1-142 

Yamazawa  Y. 

1-230 

Yan  J.D. 

11-148 

11-150 

Yasuda  M. 

1-170 

Yasui  S. 

1-246 

Yatsu  M. 

11-68 

Yilmaz  A. 

1-172 

Yoshida  M. 

1-134 

Yoshimura  S. 

1-244 

Yousfi  M. 

1-252 

n-220 

IV- 154 

Yukhimuk  V. 

in-6 

m-8 

in-12 

m-52 

Yumoto  M. 

IV-16 

Yurghelenas  Yu.V. 

n-208 

n-210 

Yuyama  T. 

1-230 

z 

Zahoranova  A.  IV-8 

Zahraoui  A.  11-260 
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Zajickova  L. 

IV-260 

Zakouril  P. 

III-96 

Zambra  M. 

11-12 

III-28 

Zaretsky  E 

1-236 

Zatsepin  D.V. 

IV-50 

Zhelyazkov  I. 

1-160 

1-162 

Zheng  X. 

1-228 

Zhovtyansky  V.A. 

11-152 

11-154 

Zicha  J. 

11-18 

Zigman  V  J. 

1-226 

Zissis  G. 

in-60 

Zivkovic  J.V. 

IV-42 

Zobnin  A.V. 

n-94 

Zoller  V. 

IV-222 

Zuev  V.S. 

IV-52 

Zvonicek  V. 

IV- 160 
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